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Type II radio bursts are indirect signatures of the fast magnetosonic shock formation in the
heliosphere. Those types of MHD shocks accelerate electron beams that via plasma emission
mechanism produce electromagnetic radiation. In particular, fast Coronal Mass Ejections (CMEs)
produces CME-driven shocks that can be tracked using this radio emission. Observation indica-
tes that type II burst is intermittent in time, indicating that the shock formation and observation
are highly dependent on the physical condition of the propagation environment.
Using multi-spacecraft observations from STEREO, Wind and SOHO missions, we study the for-
mation and main properties of CME-drive shock since it initial stages to reach 1AU. We present
a database of 27 events of Type II radio burst, including features of the flare and CME associa-
ted, radio emission and IP shock features. Four events of the sample exhibit Type II radio burst
signatures observed in-situ. For them, we study the electrostatic wave activity in-situ in order to
determine Langmuir wave existence and the radio emission source region in the interplanetary
shock vicinity. For August 18, 2010 event, we examine the structure, propagation, and morpho-
logy of the CME-driven shock using multi-observable sources. We describe the main features of
the associated eruptive events: flare and CME, the solar burst associated and the interplanetary
shock and magnetic cloud detected in-situ. We determine the most probable physical scenario
for the generation of radio emission using empirical electron density models.
From the 4 events studied, only two present evidence of radio emission source region and one of
them shows Langmuir wave activity in the downstream region. The results for August 18, 2010
event indicates that the complex Type II radio burst is observed at high and low frequencies,
both related to a CME-driven shock. We suggest that a CME-CME interaction could originate the
complex radio emission observed at high frequencies at the initial stages of the event. For the
case of slow-drifting low-frequency type II radio emission, we suggest that this may be related
to CIR-CME dynamics close to STEREO-A which detects the interplanetary shock in-situ.





Los estallidos de radio tipo II son evidencia indirecta de la formación de choques magnetosóni-
cos rápidos en la heliósfera. Este tipo de modos magnetohidrodinámicos (MHD) aceleran haces
de electrones que, vía proceso de emisión de plasmas, generan radiación electromagnética. En
particular, eyecciones de masa coronal (CMEs) rápidas producen ondas de choque MHD (CME-
driven shocks) las cuales pueden ser rastreadas usando su radio emisión. Observaciones indican
que los estallidos de radio tipo II tiene emisión intermitente, lo cual sugiere que la formación y
detección de ondas de choque es altamente influenciado por las condiciones físicas del medio
en el cual se propaga.
Usando datos observacionales de las misiones STEREO, Wind y SOHO, presentamos un estudio
de la formación y las características de CME-driven shocks desde sus estados iniciales de propa-
gación hasta que alcanzan 1 AU. Presentamos una base de datos de 27 estallidos de radio tipo II,
en donde se incluyen las propiedades básicas de la fulguración y CME asociadas, las característi-
cas de la radio emisión y la detección del choque interplanetario in-situ. Realizamos un estudio
de la actividad de ondas electrostáticas para cuatro eventos de la muestra que presentan eviden-
cia de estallido de radio in-situ con el objetivo de confirmar la existencia de la región fuente de
la radio emisión en la vecindad del choque. Para la CME de Agosto 18 del 2010, realizamos un
estudio a profundidad de la estructura, propagación y expansión de la CME-driven shock usando
múltiples observables. Para el evento describimos las principales características de los eventos
eruptivos asociados, los estallidos de radio asociados, el choque interplanetario in-situ y la nube
magnética. Para este caso, determinamos el escenario físico más probable para la generación de
la radio emisión.
De los 4 eventos estudiados, solo dos muestran evidencia de la detección de la región fuente y
uno de ellos evidencia ondas de Langmuir inmediatamente después de la detección de la dis-
continuidad in-situ. El análisis de la CME de Agosto 18 del 2010 indica que el estallido de radio
tipo II se observa a altas y bajas frecuencias, ambas emisiones relacionadas al choque estudiado.
Sugerimos que la radio emisión a altas frecuencias está relacionada con la interacción de dos
CMEs en los primeros estadios del evento. Para el caso del estallido de radio tipo II de deriva
lenta y baja frecuencia, sugerimos que puede estar relacionado con la interacción entre una re-
gión de interacción corrotante con la CME estudiada cerca a STEREO-A, el cual detecta el choque
interplanetario in-situ.
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1. Introduction
Historically, solar research has spearheaded the discovery of new physical and astronomical
phenomena, developing physical theories and new observational technologies. The Sun and the
interplanetary medium is the closest astrophysical laboratory to study plasma physics, mag-
netohydrodynamics (MHD) and particle physics. In fact, solar astrophysics, as part of stellar
astrophysics, has been crucial to understanding different physical processes present in stars.
Along with advances in physics, the exploration of the Sun-Earth system is also crucial for our
comprehension of the Sun-Earth effects. This thesis is concentrated on the observational study
of shock waves driven by Coronal Mass Ejections (CMEs) in the heliosphere: CME-driven shocks.
This is a topic of great scientific interest due to the diversity of physical processes that can be
studied in these interactions and their direct relationship to space weather. In this section, we
give a succinct introduction to this research topic, providing a general overview of the current
knowledge of the solar corona and eruptive events, such as CMEs and their relation with the
generation of shock waves. Ultimately, we include a summary of the document structure.
1.1. New era in Solar Corona observations
Since the dawn of humanity, the Sun has been studied using observations of those layers that
can be seen by the naked eye. Indian, Babylonian, and Chinese ancestors, were among the first to
observe the solar corona during total solar eclipse (Guillermierm and Koutchmy, 1999). Galileo,
using his own telescope, was one of the first to document the solar visible surface: the photosphere,
providing one of the first records of sunspots. During these observations, astronomers noted the
presence of an outer layer of the solar atmosphere: the solar corona and it complex and dynamic
structure. Nowadays, we know that the solar corona is the extensive outer atmosphere layer
of the Sun, which extends above the chromosphere and which transforms into the solar wind,
filling the interplanetary medium and in turn the entire solar system.
Periodic observations of the solar corona during solar eclipses started in 1842, catalyzing scienti-
fic and technological development in astrophysics and solar physics, e.g. the discovery of Helium
twenty four years later and the development of instrumentation in the early twentieth century:
the spectroheliograph and the coronagraph. The 20th century brought with it a great technologi-
cal development in Astronomy and the beginning of the space age. Ground-based observatories
made first measurements of the solar corona in radio wavelengths, giving the first hint that the
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solar corona is emitting at various wavelengths. Then, a break-through in coronal studies occu-
rred with the use of rocket flights and space missions as platforms to observe the Sun. SkyLab
and Solar Maximum Mission (SSM) were the first missions to monitor the Sun from the space,
extending our knowledge by providing valuable multi-wavelength observations (white-light, X-
ray, EUV, UV) during part of the solar cycle 22.
The space age also allowed the development of the first terrestrial spaceweathermonitoringmis-
sions, like the Geostationary Operational Environmental Satellite (GOESs) system which, from
its first launch in 1975, supports weather forecasting, geomagnetic storm tracking, and meteoro-
logy research (Mcginnis, 2000). In addition to the missions positioned in Earth orbit, the Helios
(1974 - 1976) (Porsche, 1977) and Ulysses mission (1990) (Wenzel et al., 1992) provided uni-
que observations of the interplanetary plasma in other places of the solar system, due to their
special orbital characteristics. The high orbit inclination over the ecliptic plane (≈ 80◦) of the
Ulysses spacecraft discovered the three-dimensional structure of the solar wind. Moreover, the
Helios mission was the first mission which collected in-situ data of the interplanetary medium
at distances less than 1 AU.
The arsenal of missions that followed (Yohkoh, TRACE, among others) and those that are cu-
rrently in operation (SOHO, RHESSI, STEREO, Wind, among others) are decisive for the current
development and understanding of the solar atmosphere, its phenomenology and the recogni-
tion of its effects on the solar system. In particular, STEREO, SOHO andWindmissions combined
have been used for stereoscopic studies of the solar corona and the structure of CMEs. Because
of its orbits, it is possible to realize observations of the Sun from different vantage points. This
along with their varied instrumentation (combinations of coronagraphs, heliospheric images,
magnetic fields and particle detectors, antennas in radio broadband, among others) are essential
to understand the attributes of the corona and solar wind. In general terms, these missions aim
to study the generation, evolution, and propagation of CMEs and its interplanetary counterparts
(ICMEs), as well as to study the solar wind formation. Thanks to the information provided by
STEREO, SOHO andWind missions, we continue to create newmodels, challenging our previous
ideas and hypothesis.
All solar space missions have contributed characterizing a large part of phenomena in the solar
corona. Based on multi-wavelengths observations, it is clear that the structure of the solar co-
rona is hugely influenced by the dynamics of the solar magnetic field (Aschwanden, 2005). The
dynamo process and solar differential rotation produce a multipole solar magnetic field (Gibson,
1973), which drives the formation of the different macroscopic, mesoscopic and microscopic
phenomena in the solar atmosphere. At the macroscopic level, the expansion of magnetic flux
tubes towards the solar corona allows the formation of coronal loops (Reale, 2014). Those loops
are relatedmainly to active regions, where continuousmagnetic field activity is observed, e.i. flux
emergence, flux cancellation or magnetic reconfigurations. Active regions can evolve to complex
4 1 Introduction
structures as loop arcades, cusp-shaped loops, sigmoid structures, among others, driving flares
and/or CMEs. Relatively stable structures such as filaments or prominences that carry plasma
and magnetic field, can also be affected by dynamic processes, driving the releasing of CMEs too
(Gopalswamy et al. (2003); Jing et al. (2004) and references therein).
Macroscopic coronal structures, known as streams are radial, huge and long-lived magnetic struc-
tures extending from the low corona to the interplanetary medium, which are mainly observed
in white-light coronagraph images. Observations had determined that many CMEs are originated
from regions close to streamers (Gibson et al., 2006). The observation of these phenomena and
structures in the low corona allow us to characterize the conditions prior to the generation of
CMEs.
In addition to the morphological classification, space missions also allowed to classify the ther-
modynamic properties of the solar corona. The first notion of the coronal density distribution
is usually based on gravitational stratification in the solar atmosphere, e.i. particle density de-
creases as a function of heliospheric height. Using this simple assumption of equilibrium and
homogeneity, it is possible to describe a quasi-homogeneous coronal density as a first appro-
ximation (Aschwanden, 2005; Foukal, 2004). However, the coronal magnetic field produces a
high spatial inhomogeneity, that together with the ascending and descending plasma flows and
the constant magnetic reconnection processes, lead a non-uniform spatial and temporal density
distribution.
The first temperature measurements of the solar corona were made in 1940 using spectral analy-
sis (Bray et al., 1991). The emission lines observed corresponds to highly ionized atoms, eviden-
cing temperatures of the order of millions of Kelvin. This fact is commonly known as the problem
of coronal heating, because the second thermodynamic law is apparently violated, since the lo-
wer layer: the photosphere is at a much lower temperature. Currently, the mechanism of coronal
heating is unknown, being this still a fundamental open problem in astrophysics.
1.2. The role of the Heliosphere
Biermann (1957) was the first to point out the existence of the solar wind, defined it as “a con-
tinuous outflow of completely-ionized gas, filling the interplanetary environment with protons
and electrons, few populations of alpha particles and heavy ions in different ionization stages”.
A year later, Parker (1958) suggested that, due to the increase of the coronal temperature as a
function of height, the pressure gradient drives the solar wind outflow. However, only until the
launch of space missions, it was discovered directly that the interplanetary medium was com-
posed of a low-density quasi-neutral plasma. Along with the plasma, the solar magnetic field is
drag away by the flow, expanding towards the interplanetary medium. The solar rotation makes
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this magnetic field to form a spiral structure commonly know as the Arquemidian or the Parker
spiral. This co-rotating magnetic structure is known as the heliospheric magnetic field (HMF).
In general terms, the solar wind is defined as an inhomogeneous medium which is continuously
changing due to the variability of the topological configuration of the HMF and the continuous
eruptive solar activity, thus its physical configuration is mainly dominated by the solar cycle
(Owens and Forsyth, 2013).
Theories on the origin of solar wind along with observations allow us to understand that the
heliosphere is not merely an “evaporating flow” of hydrostatic plasma, rather the corona and
wind should be regarded as one tightly coupled system (Esser and Øystein, 2011). Observations
indicate that different solar wind types are created in different magnetic structures in the coro-
na. The steady and low-density fast solar wind reaches speeds of ∼ 800 km/s at 1 AU, formed
in regions of open coronal magnetic field lines, while the slow solar wind, which reaches ∼ 400
km/s at 1 AU is generated in transiently opened or closed magnetic field lines.
In-situ measurements also indicate that the combination between the inclination of the solar
magnetic axis and the solar wind produce that fast solar wind streams tend to overtake the slo-
wer one in the heliosphere, forming regions where high density and temperature due to the
compression and acceleration of the plasma (Aguilar-Rodriguez et al., 2011). These pressure rid-
ge between the two streams are known as Corotating Interaction Regions (CIRs). Those are commonly
bounded by fast forward-reverse corotating shock pairs which are generally weak, to long dis-
tances from the Sun (Gosling and Pizzo (1999)) as is well described in Owens and Forsyth (2013).
1.3. Solar eruptive phenomena: Coronal Mass Ejeccions (CMEs)
From its first observation in 1971 by the Orbiting Solar Observatory 7 (OSO-7), coronal mass
ejections (CMEs) became a direct connection between the solar activity and space weather. CMEs
are defined currently as “large eruptions of plasma and magnetic field from the Sun into the
interplanetary space, which spawn ranges of ∼ 1011 − 1013 kg of mass and reach speeds ranging
between several hundred to a few thousand km/s”(Gopalswamy et al., 2009; Vourlidas et al.,
2010). Vourlidas et al. (2002) using data of SOHO coronagraphs estimated the total energy stored
by CMEs (kinetic plus potential energy) ranging between 1022 J to some 1025 J.
The solar magnetic field, besides controlling the structure of the solar atmosphere, provides the
free energy needed to generate flares and CME. Studies performing by Aly (1991), Forbes (2000)
and Gary (2001) indicated that only the free magnetic energy in the corona is large enough to
transform into kinetic and potential energymeasured in CMEs. In the case of flares, it is currently
accepted that these are the product of magnetic reconnection, which provides enough energy
to accelerate particles, waves and drive turbulence. Although the first scientific observation of
a CME in 1971 (Tousey, 1973) was made more than a century after the first observation of a fla-
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re (Carrington event in 1859 (Carrington, 1985)), we now know that these two phenomena are
closely related. It is known that not all flares produce CMEs, however, when such association
exists, those phenomena are different aspects of the magnetic field evolution (Harrison, 1995;
Forbes, 2000; Zhang et al., 2001).
It is clear that solar eruptive events release energy into its local environment. In flares, particle
acceleration generates multi-wavelength emission, as well as, leads the generation of magne-
tohydrodynamic waves in their surrounding, e.g. coronal waves (Warmuth, 2015). Disruptive
processes, as magnetic reconnection, can accelerate magnetic structures outward e.g. flaring
loops or filaments, producing a CMEs release. This agrees with the classical definition of a CMEs:
“an observable change in the coronal structure that involves the appearance and outward mo-
tion of a new, discrete, bright, white-light feature in the coronagraph field of view” (Hundhausen
et al., 1984; Schwenn, 1996).
Additionally, eruptive events such as flares and CMEs dramatically change the physical condi-
tions of the corona. Imada et al. (2011) studied the relationship between the processes of mag-
netic reconnection with its local plasma conditions. He found that the local plasma environment
controls the rate of energy conversion, between the stored magnetic free energy to kinetic, ther-
mal, non-thermal and wave/turbulence energy. In fact, the different plasma regimes in the solar
atmosphere generate, inhibit or amplify the diversity of solar phenomena.
1.4. Coronal and interplanetary shock waves
Historically, propagating wave-like disturbances in the low corona have been observed using
multi-wavelength coronal detectors, leading the discovery of disturbances such as Moreton wa-
ves (Moreton, 1960), EIT waves (Moses et al., 1997), SXR waves (Khan and Aurass, 2002), among
others. It has been determined that these type of observational features are characteristic of the
propagation of fast mode waves, that can be related to the formation of shock waves locally
(Warmuth, 2015). Landau and Lifshitz (1959) defined a shock wave as a “discontinuity with a
jump of the entropy”, being those dissipative structures. When the speed of a large-amplitude
disturbance is higher than the characteristic speed of the medium (v > vchar), it forms a discon-
tinuity knows as shock wave (Warmuth, 2007). For this reason, the formation of shock waves is
conditioned by the energetic features of the drivers and physical conditions of the propagation
medium. Thus, with the aim of characterizing and understanding the shock waves produced by
CME transits e.i. CME-driven shocks, it is fundamental to study the kinetic and dynamical pro-
perties of host CMEs and to analyze the physical features of the medium.
In a magnetohydrodynamic medium, shock waves lead the acceleration of particles. In the he-
liosphere, shock waves produce non-thermal particle distributions known as solar energetic parti-
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cles (SEPs), habitually detected remotely or in situ. This is an indirect form of shock wave tracing
in space e.g. (Trottet et al., 2015; Gopalswamy et al., 2015; Bain et al., 2016). Another form of
observed shock waves in the corona and in the heliosphere is using Type II radio burst. This was
The first reported was made by Payne-Scott et al. (1947) as a “solar burst characterized by a slow
drift of spectral features towards the lower frequencies”. Type II radio bursts are interpreted as
signatures of expanding shock waves in the corona (Cane et al., 1981; Nelson andMelrose, 1985)
and as the main observational equivalent of a fast magnetosonic shock wave in the heliosphere
(Pulupa et al., 2010).
Based on plasma emission theory, the type II radio burst emission frequency is proportional to
the local electron density square root fpe ∼
√
ne (Cane et al., 1982; Reiner et al., 1998). Using
empirical density models, where the density is a function of heliospheric height Allen (1947);
Leblanc et al. (1998) inferred the electron plasma frequency as a function of radial distance, and
therefore determine the region of possible shock formation. Metric type II radio bursts (>20
MHz) are generally linked to shocks formed in the lower corona (< 2.4 R⊙) commonly associa-
ted to blast waves or CME-driven shocks in their initial propagation stages (Gopalswamy, 2007;
Howard and Pizzo, 2016). On the other hand, decimetric, hectometric (DH region) (20− 2Mhz)
and kilometric (km) type II radio burst (< 2 Mhz) are associated to shocks waves in the outer
corona (> 20 Rsun) (Reiner and Kaiser, 1999; Gopalswamy, 2006; Hoang et al., 2007).
Gopalswamy (2007) classified type II radio burst in different wavelength domains or frequency
intervals. He suggested that the type II radio emission varies between the metric and kilometric
domains, due to different kinematic features of the CME driver. Statistical studies of CMEs rela-
ted to metric type II bursts emission show that these are low-energetic when are compared with
the average population of CMEs (Lara et al., 2003). Radio-loud CMEs with the highest energy can
produce radio emission in all wavelength domain, e.i in terms of frequency from MHz to kHz
(Gopalswamy, 2007). It is believed that km-domain radio bursts are related to low energy CMEs
at great heliospheric heights, being the shock generation highly dependent on the conditions of
the local environment.
The type II radio bursts are also considered noncontinuous inside these domains. Type II ra-
dio bursts are commonly intermittent and complex, showing features as split bands, multiple
lanes or herringbone bursts. It is believed that this behavior is driven by the particular emission
processes, the macroscopic structure of the shock front and the continuous variations of the
physical parameters in the corona and the interplanetary medium (Cairns, 2011, 1994; Vršnak
et al., 2002; Zimovets and Sadykov, 2015).
Other investigations explore the variety of interplanetary shock wave activity in the heliosphere
e.g. CME-driven shocks, planetary bow shocks, CIRs shocks or termination shocks as generators
of type II radio burst. Some observations revealed that the interactions between interplanetary
8 1 Introduction
transients i.e. CME-CME or CIR-CME can also drive complex type II radio burst emission e.g.
(Gopalswamy et al., 2001b; Reiner et al., 2003; Martínez Oliveros et al., 2012; Martínez-Oliveros
et al., 2015).
1.5. Interplanetary CME-driven shock dynamics
Sheeley et al. (1985); Cane et al. (1987); Gopalswamy et al. (2000), among others demonstra-
ted that CMEs drives the formation of fast-mode nonlinear magnetosonic waves. From the early
1970s, in-situ observations of interplanetary CMEs (ICMEs) have become crucial in order to
understand CME magnetic structure, internal composition and shock wave formation. ICMEs
have large masses and carry with them magnetic field structure, but generally, these are not
too fast owing to the large deceleration imposed by the surrounding solar wind. Nevertheless,
many ICMEs are still supersonic or/and super-Alfvénic, a condition that is mainly dependent on
the physical features of the interplanetary plasma. The magnetic body inside ICMEs presents a
diverse range of configuration and signatures e.g. (Richardson and Cane, 2004; Zurbuchen and
Richardson, 2006), with an average magnetic field magnitude greater than the surrounding inter-
planetary magnetic field. Often, the ICME magnetic field has a twisted helical bundle topology
which is commonly called magnetic cloud, Burlaga et al. (1981); Jian et al. (2006); Burlaga et al.
(1981) described the basic properties of magnetic clouds characterizing them by the magnetic
field rotation, its low plasma temperature and plasma β and the monotonic decrease in plasma
speed (auto-similar expansion). These particular in-situ features are fundamental to classify in-
terplanetary shocks associated to ICME transits.
Bale et al. (1999) reports the source region of an interplanetary type II radio bursts: Type II radio
burst in-situ, being the first to analyze in-situ properties of a fast MHD shock wave produced by an
ICME. Previous observational and theoretical analysis of remote type II radio burst and of Earth’s
bow shock had already explained some of the physical processes involved in the interplanetary
shock formation. Based on the studies of the type II frequency drift rates developed by Reiner
et al. (1998), it was suggested that the type II radio emission associated to CME-driven shock is
created upstream of the shock: the foreshock region. Bale et al. (1999) confirmed this hypothesis
by measuring electron beams aligned to the magnetic field seconds before the shock detection.
The current picture of the complete physical process of type II radio emission is based on the
plasma emission mechanism as follows:
1. A fast Fermi process accelerates particles in the foreshock region (Leroy and Mangeney,
1984; Wu, 1984) allowing the formation of local electron beams.
2. Electron beams generate electron plasma waves e.i. Langmuir waves owing to bump-on-tail
instability (Bohm and Gross, 1949; Tonks and Langmuir, 1929).
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3. Langmuir waves are converted to radio waves at the local plasma frequency and its har-
monics via nonlinear wave-wave conversion (Wild et al., 1954; Nelson and Melrose, 1985;
Cane et al., 1981, 1987; Knock et al., 2001)
Pulupa and Bale (2008) and Pulupa et al. (2010) studied the shock front geometry and the fores-
hock region formation using in-situ type II radio bursts. They suggested the presence of ripples
in the large-scale nonplanar shock structure, which allow the formation of multiple foreshock
regions upstream of shock. They also found that the local geometry of the shock is fundamen-
tal to the particle acceleration efficiency. Meaning that quasi-perpendicular shock structures
are the most efficient for the emission process (Thejappa and MacDowall, 2000). Knock et al.
(2001) ensures that “foreshock emission is more likely to appear in shocks with more upstream
nonthermal electrons, shocks with large radii of curvature, and shocks which propagate through
high-density upstream regions”, conditions that have been mostly supported by observations
(Pulupa et al., 2010). All these morphological features demonstrate the complexity of the shock
front and in turn the complexity of the generated radio emission.
Nowadays in-situ detection of type II radio bursts, are few even though there are hundreds
of ICME-driven interplanetary shock detections. In order to solved this lack of information is
needed to use great temporal resolution plasma detectors in order resolve energy-dispersed
electron beams andmultiple vantage points to study the shock extended structure. Observations
suggest that CME-driven shock front does not necessarily have a simple form and currently,
there have been not determined where on the CME-driven shock, the radio emission is been
generated. (Pulupa et al., 2010) reported inhomogeneities in the interplanetary plasma that can
produce shocks with different speeds, and therefore generate complex shock structures. As a
first approximation, the simplest form of the shock front should be similar to a bow shock,
assuming that the CME shape remains constant while propagates into interplanetary medium.
Based on this, they found that fast shock waves generation is expected where the compression
ratio is bigger, e.i. ICME leading edge, or where the shock front and upstream magnetic field are
aligned.
1.6. Summary of the thesis
This thesis is focused on the description of CME-driven shock front in the interplanetary me-
dium using multi-spacecraft radio burst type II observation from the STEREO, SOHO and Wind
missions. We are interested in finding the spatial and temporal correlation of the different mani-
festations of the CME-driven shock in the interplanetary space. These findings will complement
our current understanding andmay suggest new scenarios of CMEs propagation, interaction, and
connectivity.
10 1 Introduction
In the first part of chapter 2, the basic theoretical background related to CME-driven shock are
included. We present the current understanding of the coronal and interplanetary plasmas, the
formation of fast magnetosonic shocks and the generation of solar radio burst. The second part
of chapter 2, we present the constructed database of CME events related to type II radio bursts
using observations of the STEREO, SOHO andWindmissions from 2007 to 2011. In the database,
we included information about the kinematic and morphological basic features of the hosting
CME and main properties of associated type II radio burst and the interplanetary shock in-situ.
From this database, we search for a correlation between CME properties and the formation of
shocks in the inner heliosphere.
In the first part of chapter 3, we make a brief discussion about the intermittency of Type II radio
burst and its relation with plasma parameters in the heliosphere, which is a common feature in
our sample. Then, we present an analysis of four interplanetary shocks with evidence of type II
radio burst in-situ. We include the interplanetary shock properties and it relation with the in-
situ electrostatic wave activity detected for evaluating the existence of Langmuir waves and thus
the source region of Type II radio burst. In the second part of chapter 3, we perform a complete
analysis of the structure, propagation, and expansion of the CME-driven shock of August 18,
2010. Using all available observables we determine the morphological and kinematic properties
of the CME and we evaluate the most likely source regions of solar radio burst detection using
empirical electron density models in the heliosphere. We also present the most relevant attri-
butes of the interplanetary shock and the magnetic cloud detected in-situ. Finally, in chapter 4
we briefly summarize the main results of the thesis and describe future perspective based on
this work.
2. Radio emission associated to Coronal
Mass Ejections - CMEs
In this chapter, we include the current theoretical framework of the CME-driven shock formation
and observation and we present the Type II radio burst database constructed. Initially, we make
a brief review of the physical features of the solar corona which influence the shock formation
and the basic properties of coronal mass ejections which can produce shocks. Then, we include
the fundamentals of magnetohydrodynamic (MHD) shock waves in fluids and MHD plasmas
in collisionless environments. We describe Type II and Type III solar radio burst as indirect
signatures of the electron acceleration in the interplanetary environment. Finally, we present
the database of Type II radio burst activity related to CME-driven shocks. We include also the
selection criteria, basic physical properties and a general statistical study of the events.
2.1. Physical properties of the Solar Corona
Based on the types of coronal emission observed, there is an initial structural classification of
the solar corona. The white-light corona or continuum corona, observed in solar eclipses and in
coronagraphs, is generated by the free electrons moving along magnetic structures that scatter
photospheric light (Howard, 2011). From this emission, it was possible to classify the solar co-
rona in open and closed magnetic field lines regions (Chen, 2011) as seen in the figure 2-1. The
solar corona also present a discrete spectrum in visible and UV wavelengths a few solar radii
above the continuum corona, corresponding to atomic emission of hot plasma and a continuous
emission associated with the scattering by interplanetary dust, emission associated to the zo-
diacal light (Reach et al., 1997).
By combining observations at all wavelengths, there is an overall classification of magnetic struc-
tures in the solar corona. Those are subdivided into three zoneswhich aremodulated by the solar
cycle: active regions, quiet Sun regions, and coronal holes (See figure 2-1). The active regions are asso-
ciated with the emergence and concentration of strong and closed magnetic field, being areas
with the greatest eruptive activity. Those active regions have a bipolar magnetic configuration,
that combined with plasma flows forms coronal loops. Coronal loops are denser and hotter mag-
netic structures than the coronal background, being sources of bright-line emission in EUV and
soft X-rays (Aschwanden, 2005). On the other hand, the quiet Sun regions correspond to zones
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of low magnetic activity but with a diversity of low energetic phenomena. Finally, coronal holes
are regions dominated by an open magnetic field, where the chromospheric plasma is driven
efficiently to the interplanetary medium. In EUV images, the coronal holes are darker regions
than their surroundings: quiet Sun regions, due to its low density and fast plasma flux outward
external layers of the solar atmosphere.
Solar minimum
Solar maximum
Figure 2-1.: Left: Sketch of magnetic structures in the solar corona, including the open and
close magnetic lines configuration. Taken from Kivelson and Russell (1995). Right:
SOHO/LASCO coronograph images in solar minimum (top) and in solar maximum
(bottom) showing the activity changes during the solar cycle.
Coronal magnetic field borns in the solar interior by a physical prosses known as solar dynamo
(Aschwanden, 2005). Thanks to the differential rotation in the convective zone, the primordial
poloidal magnetic field is stretched and twisted into toroidal fields, generating a complex and
high non-linear magnetic structure while it emerges to the solar surface (Gibson, 1973). The so-
lar dynamo dictates every 11 years the formation, intensity, and polarity of the global magnetic
field, a process known as solar cycle (Charbonneau, 2005). The role of the solar cycle is fun-
damental to the solar activity, during which the coronal brightness and the occurrence rate of
solar eruptive phenomena as flares or CMEs change severely. The right panel of figure 2-1 shows
coronograph images in different stages of the solar cycle, evidencing the changes in brightness
of the corona in a solar minimum and a solar maximum respectively.
Fromobservations of Zeeman displacement in spectral lines (Zeeman, 1897), typical values of the
photosphericmagnetic field can be indirectlymeasured. In sunspots, themagnetic field strengths
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ranging fromB = 2000 to 3000 G. Around active regions the average photospheric field is about
B ∼ 100−300 G and in quiet sun regions and coronal holes the values goes to B ∼ 0.5−50 G
(Aschwanden, 2005). The magnetic field strength in the solar corona is lower, and therefore we
can not make reliable Zeeman measurements. Thus, the coronal magnetic field has been un-
derstanding from comparisons of the coronal structure geometry and from reconstructions by
magnetic field extrapolations. For a complete description of these methods refer to Dulk and
McLean (1978).
Measurements of polarized brightness in white light images and fundamental plasma emission
of coronal radio burst together with models of gravitationally stratified structures provide infor-
mation about the global density profiles. Aschwanden (2005) reports that the electron density
Ne in the solar corona range from ∼ 109 cm−3 in the low corona (base of the quiet Sun regions)
to ∼ 106 cm−3 in the external corona (at 1R⊙). For the case of coronal electron temperature
profile Te, analysis of spectral lines of highly ionized atoms shows the sudden increase of tem-
perature from the chromosphere ∼ 103 K to the corona ∼ 106 K (Bray et al., 1991), exhibiting
the coronal heating. The variation of these global profiles does not correspond to a smooth va-
riation, in contrast, there is a thin region of transition located in the lower corona (10 - 20 Mm
on the photosphere) where the parameters abruptly change, by several orders of magnitude as
shown in the left panel of the figure 2-2 (Vernazza et al., 1981; Fontenla et al., 1991). The corona
is characterized by its high spatial inhomogeneity reason why determine profiles of the magne-
tic field, density, and temperature in the different regions is complex. Table 2-1 includes typical
values for active, quiet sun regions and coronal holes.
Figure 2-2.: Left: Electron density and temperature model of the chromosphere: Model FAL-C
(Fontenla et al., 1991) and lower corona. Right: Plasma β in the solar atmosphere
for two magnetic field strengths: 100 G and 2500G (Gary, 2001). Images taken from
Aschwanden (2005)
The β plasma parameter describes the plasma dynamics and quantifies the inhomogeneous na-
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Table 2-1.: Ranges of magnetic field strength, density and temperature in different zones in the
solar corona. Report taken from (Aschwanden, 2005)
Active regions Quiet Sun regions Coronal holes
|B| [G] 3000− 100 10− 50 0.5− 0.1
ne [cm−3] (2− 20)× 108 (1− 2)× 108 (0.5− 1.0)× 108
T [MK] 2− 6.3 1− 2 > 1
ture of the solar atmosphere. From classical electrodynamics, we know that the motion of any
charged particle, influenced by a magnetic field, is guided spiraling along the magnetic field line.
Only when the particle energy exceeds the magnetic energy, it can escape its gyro-movement
leading to diffusion (Aschwanden, 2005). These define two confinement regimes: when the mag-
netic field dominates or when the matter dominates. This is defined as the ratio of the thermal








where ξ is the local ionization fraction, ne the electron number density, Te the electron tempe-
rature, kB the Boltzmann constant and B the magnetic field (Aschwanden, 2005). Gary (2001)
describes a model of the plasma-β in function of the heliospheric height (See the right panel of
figure 2-2). The model shows that from 2 Mm to 1000 Mm of hight over the solar surface β < 1,
implying that the magnetic field dominates in the solar corona. The magnetic field magnitude
in the solar wind acceleration region dramatically decreases at heights greater than 1000 Mm
(∼ 1.5R⊙ ), with β > 1, having, therefore, a thermal regime in the interplanetary medium.
Other plasma parameters as the neutral Hydrogen densityNH , the sound velocityCs, the Alfvén
velocity VA, electron thermal velocity Vthe, cyclotron frequencies ωce, ωci, collision frequencies
νee, νei, electron mean free path, pressure scale height, among others indicates the conductivity
and collisional regime in solar plasmas. In particular, the sound and Alfvén velocities are impor-
tant for the emergence of MHD shock modes.
In hydrodynamics, the sound velocity in plasmas corresponds to the velocity of propagation
of compressional perturbations due to variations of hydrodynamic pressure in a compressible
conducting plasma ∇P = C2s∇ρ, which in a adiabatic regime corresponds to Cs = (γP/ρ)1/2,
where γ is the adiabatic index, P pressure, and ρmass density. On the other hand, Alfvén waves
naturally appear as a characteristic oscillation mode in MHD fluids. The Alfvén velocity is the
velocity of propagation of transverse perturbations in a magnetic field, a product of the action of
the magnetic pressure VA = (B2/µ0ρ)1/2. For a complete review see Landau and Lifshitz (1959).
The ratio between these two velocities is directly related to plasma-β and its values determine
which wave mode dominates in the region. In general, the analysis of plasma parameters throug-
hout the solar atmosphere allows us to classify their behavior. Aschwanden (2005) and Imada
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et al. (2011) determined that “the low coronal plasma behaves as semi-collisionless (collisional
in macro-scale but collisionless in micro-scale) charged gas (low β but high ionization) and the
outer coronal plasma behaves as collisionless (low collisionality) semi-charged gas (high ioni-
zation but high β)”. This global difference indicates that physical phenomena associated with
CMEs generation and propagation, and MHD shock formation will be highly conditioned by the-
se plasma regimes. Typical quantities of the plasma parameters in the solar atmosphere can be
seen in appendix A.
2.2. Coronal mass ejections (CMEs) in the inner Heliosphere
Thomson-scattering emission in the continuum corona allows CMEs observation. The ejection
produces an increase of the local density, generating an enhanced brightness in coronagraph
field of views. CMEs have very varied morphologies in coronagraphic images. There are “jet-like
propagating featuresïn the solar corona, considered as narrow CMEs but the clearest CMEs are
characterized by an extended and huge closed frontal loop (Chen, 2011). Because normal CMEs
type is a macroscopic structure that can reach angular widths greater than 10◦ observed from 1
AU, they correspond to the events with the greatest effect on the dynamics of the interplanetary
medium. Illing and Hundhausen (1985) describes the typical morphology for normal CMEs na-
mely: “three-part structure: a bright frontal loop, which is immediately followed by a dark cavity
with an embedded bright core”. Figure 2-3 panel A is a SOHO/LASCO coronograph image sho-
wing a CME with a clear three-part structure. Most of the normal CME type has this structure,
feature of an erupting flux rope system, where the dark cavity observed is an erupting flux rope
structure (Vourlidas et al., 2013).
There are two general models CMEs generation based on the conditions of the solar corona
before the eruption:
1. Magnetic flux ropes: There are coherent half-torus magnetic structures characterized by
field lines wrapping around the torus major axis, e.g. (Fan and Gibson, 2007; Archontis
and Török, 2008; Archontis and Hood, 2012). Vourlidas et al. (2013) analyzed thousands
of CMEs observed by SOHO/LASCO finding that at least 40 % exhibit clear flux rope signa-
tures. Nindos et al. (2015) performed a statistical study of hot flux rope in flaring regions
observed in EUV and found that 49 % of the events in this sample appear to show a hot
flux rope configuration. Figure 2-3 panel B) shows the evolution of one of those hot flux
rope structures which produced an ejection.
2. Sheared magnetic arcades: These are a set-up of loops positioned closely to the Polarity
Inversion Line - PIL of the photospheric magnetic field, which erupt when an instability is
generated, e.g. (van der Holst et al., 2007; Lynch et al., 2008; Karpen et al., 2012).
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A) B)
Figure 2-3.: Panel A) 3-part view of a flux-rope CME observed by LASCO onboard SOHO spa-
cecraft: External bright frontal loop, a partially dark cavity and an embedded core Panel B)
Eruptive event with hot flux rope. The images corresponds to a time secuence in
131 Åand composition between 171 Å, and 304 Åfrom SDO/AIA. The dotted curve
of subpanel (c) delineates the outer edge of the hot flux rope. From Nindos et al.
(2015)
After their release, the CMEs are influenced by several forces that allow their propagation and
determine most of their kinetic properties. Those forces act mainly in radial direction: gravity,
Lorentz and aerodynamic drag force (Chen, 1989). Owing to its rapid radial decreasing, gravity
becomes negligible close to the Sun. Instead, Lorentz forces assume the main role in the low
solar corona, during the early propagation phase of CMEs. The drag force acts in the interplane-
tary medium, as a result of the motion between a CME and the solar wind and the momentum
exchanges between them, e.g. (Hess and Zhang, 2015; Sachdeva et al., 2015; Žic et al., 2015).
Under the influence of the drag force, fast CMEs and slow CMEs has different kinematic beha-
vior: fast CMEs tend to decelerate while slow CMEs accelerate, both of them for catch up the
respective solar wind flow.
Based on multi-viewpoint coronagraphic observations, it is possible to study the 3D structu-
re and kinematics of CMEs while these propagate in the interplanetary environment. The solar
wind dynamics produces several variations of the drag force acting on CMEs, generating CME
rotations, non-uniform expansions and in general modifications in their morphology. Based on
analysis of the 3D evolution of CMEs, Isavnin et al. (2014) found that CMEs exhibited Sun-to-
Earth longitudinal and latitudinal deflections the range (–28◦, 14◦) and (20◦, 49◦), respectively,
and rotations in the range (4◦, 164◦). Close to 60 % of those modulations occurred relatively clo-
se to the Sun, within a distance of ∼ 30R⊙.
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Along with its morphological variations observed in coronagraphs, studies of in-situ features
provide information about magnetic structures inside interplanetary CMEs. Again, magnetic flux
rope configurations are very commonly found when the interplanetary counterparts of CMEs
(ICMEs) arrive to 1 AU (Burlaga et al., 1981). Using in-situ data of 250 ICME detection, Jing et al.
(2004) found that at least ∼ 40% of the sample shows a clear magnetic cloud topology at 1 AU.
A direct confirmation of the connection CME-Magnetic cloud was made by Kunkel and Chen
(2010), using multispacecraft measurements of the STEREO mission. Their results are supported
by several theoretical investigations which suggest that although the pre-eruptive structure was
not a flux rope, it can be formed while the CME propagates, e.g. (Aulanier et al., 2010; Savcheva
et al., 2012; Amari et al., 2014). Other in-situ signatures used for identified ICMEs with flux rope
topologies are the presence of counter-streaming suprathermal electrons (Gosling et al., 1987),
plasma proton temperature depressions (Richardson and Cane, 1993) and low-variance magnetic
field (Zwickl et al., 1983).
The theoretical approach of the flux rope suggests that those structures can be anchored in the
photosphere. This hypothesis starts the discussion about the magnetic connectivity of CMEs
on its way through the interplanetary environment. There is observational (Larson et al., 1997;
Martinez Oliveros et al., 2016), and theoretical (Chen and Garren, 1993; Wu et al., 1999) re-
search that support that CMEs with flux rope topology keeps their magnetic connection with
the Sun, suggesting the direct evidence of the Sun-Spaceweather dynamic. There are also par-
ticular cases of ejecta that appear to have a closed magnetic topology at 1 AU, e.g. plasmoid
or spheromak structures (Zhou et al., 2010; Lyutikov and Gourgouliatos, 2011; Lyutikov, 2013;
Martinez Oliveros et al., 2015). Nevertheless, we shouldmention that independently of the topo-
logical structure, ICME magnetic field and orientation are the chief parameters for determining
their geo-effectiveness through the magnitude of the associated geomagnetic storms (Wu et al.,
2006).
Other models like the observationally-constrainedMHD ENLILmodel (Odstrcil and Pizzo, 2009),
launches CME-like hydrodynamic disturbances at its inner boundary at 21R⊙ and propagates
them through the heliosphere. The CME is immersed in the solar wind background, constructed
using empirical solar wind models and synoptic observations of the photospheric magnetic field.
ENLIL, under operational mode at CCMC¹, can supply quasi-real time predictions of CMEs’ time
of arrival. This high-level tool is commonly used for modeling complex process in the inner
heliosphere. For instance, CME-CME or SIR-CME interactions can be predicted and studied with
ENLIL. Those interactions can trigger the formation of shock waves and solar energetic particles
(SEP) fluxes, leading an increase of the geo-effectiveness of the ejecta (Temmer et al., 2012; Liu
et al., 2014; Mishra et al., 2015).
¹Community Coordinated Modeling Center: CCMC https://ccmc.gsfc.nasa.gov/
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2.3. Fundamentals of MHD Shock waves
The coronal eruptive dynamics is the principal generator of disturbances in the coronal plasma.
The release of energy in flares or CMEs drives waves that propagate through the surrounding
environment, which depending on their amplitude can lead to the formation of nonlinear dis-
turbances that can evolve to shock waves. Shocks waves have been extensively studied in fluids
and plasmas. Its generation requires the creation of an initial large-amplitude perturbation that
develops the steepest slope. In this subsection, we include a brief description of the currently-
accepted physics of MHD shock waves in the heliosphere. For more details refer to Mann (1995);
Vršnak and Lulić (2000a,b); Tidman and Krall (1971) or other textbook references about space
plasma physics.
2.3.1. Hydrodynamic shock waves
To clearly understand the concept of a shock wave in plasmas, it is pertinent to refer initially to
the case of hydrodynamic shock waves. The theory of shock wave formation was demonstrated
thanks to the technological development in World War II, where aircraft could reach for the
first time speeds close to the sound speed (Gunston, 1999). When a moving source, such as an
aircraft, reaches the speed of sound the wavefronts form a large amplitude ”sound barrier”that
makes a flight difficult and risky. Better planes, stable at that speeds, were developed at the end
of the war, allowing the breaking of the sound barrier (Gunston, 1999). When the speed of a
point source passes the speed of sound, the information can not propagate ahead of the source
making that the wavefronts lag behind in a cone-shaped region: Mach cone. The half angle of the
cone is defined as αs = arcsin(Cs/v) = arcsin(1/Ms) where Cs is the local sound speed, v is
disturbance speed and Ms is defined as the sonic Mach number. The shock wave is created on
the boundary of the cone, where sound waves are superposed forming a large-amplitude density
disturbance or ”sonic boom”when it reaches an observer. The Mach number characterizes the
intensity and geometry of the shock wave.
Shock waves have also been analyzed based on the study of super-sonic streams in laboratory
fluids (Campbell and Pitcher, 1958). It is known that if a supersonic gas flows towards a fixed solid
obstacle, a shock wave will be formed ahead of the obstacle: Bow shock (Courant and Friedrichs,
1948), giving rise to the separation of two regions in the system observed from the frame of the
shock where it is stationary (See figure 2-4):
Upstream region: It is found ahead of the shock wave, where the flow is still supersonic
(u1 > Cs1) and has low entropy.
Downstream region: It is found between the obstacle and the shock wave, where the fluid
is slowed down and heated enough to increased entropy and then make the flow sub-sonic
(u2 < Cs2).
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Figure 2-4.: Bow shock structure simple sketch. A shock wave is formed ahead of the obsta-
cle (thick red curve), discontinuity where the fluid speed changes from supersonic
to a subsonic condition. After passing the discontinuity, streamlines are modified
adjusting to the obstacle shape.
In this kind of systems, shock waves are transitions from supersonic to subsonic flow accom-
panied by compression and dissipation, referring to a coordinate system attached to the shock
wave itself. Based on a more general description, the super-sonic to sub-sonic speed transitions
should consider the normal component un of the fluid velocity. Thus, a shock wave satisfies
the conditions: un1 > Cs1 and un2 < Cs2 in upstream and downstream regions, respectively.
Since there is compression in shock waves ρ2 > ρ1 and due to mass conservation in the shock
boundary ρ1un1 = ρ2un2, the normal component of the flow speed satisfies un1 > un2.
Another case of shock wave formation in hydrodynamic fluids is due to an explosion. The gas is
heated abruptly to a high temperature leading to an increase of sound speed relative to the am-
bient medium. The shock is formed by the expanding heated and overpressured region moving
faster than the sound speed of the ambient medium u1 > Cs1, creating a spherically blast wave
(Courant and Friedrichs, 1948). The blast wind behind of the wave is expanding with a radial
speed u1 − u2, driving the formation of a negative pressure region, which sucks the gas back in
towards the center.
Independently of whether the gas is flowing or stationary, whether the obstacle is fixed or mo-
ving, if the shock parameters are the same, the formed shocks are the same. Its study will depend
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on which reference frame will be chosen.
2.3.2. Shock waves in MHD fluids
Bow shocks and blast waves are common forms of shock waves occurring in astrophysical sys-
tems, e.g. solar flares (Vršnak and Cliver, 2008), supernova-explosions (Blandford and Ostri-
ker, 1978), CME-driven shocks, planetary magnetospheres or heliospheric bow shock (Baranov,
1986). These shock waves have complex behavior because of the presence of magnetic fields.
We have discussed that shocks are compressive structures formed in transitions regions from
supersonic to subsonic flows. In plasmas, the magnetic field drives several “typical informa-
tion”speeds, making a diversity type of shock waves.
In magneto-hydrodynamics (MHD), three fundamental small amplitude linear waves are studied:
the fast, intermediate, and slow. For all modes themagnetic gas pressure operates as the restoring
force, thus the waves speed involves the Alfvén speed (See section 2.1). The phase speed for the
intermediate mode is vi = VA cos θB (shear - Alfvén wave) and the speed for the fast and slow
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Slow mode speed (2-3)
where θB is the inclination angle between the wave vector and the local magnetic field (Parks,
2004). For a complete theoretical development of the linearization of the MHD equation refer
to Benz (1993) or some other reference book in plasma physics.
Based on the expressions, Parks (2004) described important properties of these waves including
the following:
1. For any θB , the propagation speed of these waves is distinct fulfill this relation Vf > Vi >
Vs
2. The fluid velocities of the three modes are mutually perpendicular to each other.
3. The intermediate mode is a purely transverse mode to both B and the wave vector k.
4. Slow-mode waves do not propagate in the perpendicular direction to the magnetic field
unlike to fast-mode waves, in where the speed is reduced to the magnetosonic speed:
vf =
√
V 2A + C
2
s .
5. Fast and slow waves are compressive modes and they change plasma properties.
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6. For both fast and slow modes, the velocity are in the plane defined by the magnetic field
and the wave normals.
Montgomery (1959) demonstrated that Alfvén waves can steepen and develop a shock-like dis-
continuity. For that, he used the fully nonlinear ideal MHD equations (for a complete description
refer to Landau and Lifshitz (1959). The different types of shocks rely on which of the plasma’s
fundamental waves is important in the transition region. Those fundamental mode waves de-
pend on the boundary conditions because these conditions determine what information has to
propagate.
Boundary conditions in a system (hydrodynamic or MHD fluid) can be studied from the analysis
of conservation laws in discontinuities. Macroscopic parameters upstream and downstream are
compared using the continuity relations of mass, momentum, energy and magnetic flux across
the shocks. Those fundamental physical relations are called the Rankine-Hugoniot equations
(Burlaga, 1995). Those equations described a plane surface of discontinuity across which there
is a jump in the physical parameters. Those expressions were taken from Burlaga (1995) in where
the subscript 1 corresponds to the upstream side while the subscript 2 to the downstream side:
Mass conservation:
ρ1v1n = ρ2v2n (2-4)
Normal momentum flux conservation:
ρ1v
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B1n = B2n = Bn (2-8)
Tangential electric field continuity:
Bn(v1t − v2t) = B1tv1n −B2tv2n (2-9)
The parameters change over the shock, thus it is assumed that the fields on either side of the
shock are constant, assuming suitable temporal and spatial averages (macroscopic conditions).
The density ρ and the total pressure P are assumed to be isotropic unlike vector quantities:
velocity v and magnetic field B. The normal and perpendicular components of the vector fields
along the shock are denoted by the subscripts n and t, respectively.
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This set of equations allows us to determine macroscopic features in shocks and thus classify
their type, intensity or geometry. For the case of a radially propagating shock with speed U and
considering that the upstream and downstream velocities are also radial with speeds v1 and v2,






This relation is commonly used to estimate the shock speed in interplanetary shocks. For non-
radial geometry, it is required a knowledge of the shock normal direction. At this time we just
include the description for two of them, characterized by their simplicity and easy implementa-
tion (Burlaga, 1995):
1. Coplanarity theorem: It was enunciated by Colburn and Sonett (1966) from the notion
that B⃗1, B⃗2 and n⃗ are in a plane. They established that the continuity of Bn across the
shock implies that B⃗2 − B⃗1 is parallel to the shock surface. It is possible to prove that
(B⃗1 × B⃗2)× (B⃗2 − B⃗1) is along the shock normal direction, thus the unit shock normal is
therefore:
n⃗ =
(B⃗1 × B⃗2)× (B⃗2 − B⃗1)
|(B⃗1 × B⃗2)× (B⃗2 − B⃗1)|
(2-11)
This method only requires measurements of the magnetic field before and after the shock
but it is inaccurate due to the multiple uncertainties in B measurements.
2. Mixed mode method: It was introduced by Abraham-Shrauner (1972) and is based on
the coplanarity of the shock normal and (v1—v2). Both velocity coplanarity and magnetic
coplanarity hold for isotropic and anisotropic plasmas:
n⃗ =
(B⃗1 × B⃗2)× (B⃗2 − B⃗1)× (v1—v2)
|(B⃗1 × B⃗2)× (B⃗2 − B⃗1)× (v1—v2)|
(2-12)
This method presents better results than the coplanarity theorem for a single magnetic
field, but nevertheless it still have uncertainties.
Using the solution of the Rankine-Hugoniot equations and determining the shock velocity and
the normal vector it is possible to construct a set of different scenarios of discontinuities that
can be present in MHD environments. Those cases are summarized in the tables 2-2 and 2-3.
The table 2-2 includes the cases of discontinuities observed in plasmas that do not correspond
to shocks, wherein there is no mass transfer or increase entropy (reversible process). The He-
liospheric current sheet is a case of a tangential discontinuity in the heliosphere (Smith, 2001).
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Table 2-2.: Description of the types of discontinuities present in MHD fluids. Taken from Kivel-
son and Russell (1995)
Discontinuities: Without flux mass
Type Conditions and properties
Contact V⃗1 = 0 Bn ̸= 0
Density jump arbitrary but pressure and
other quantities are continuous
Tangential V⃗1 = 0 Bn = 0
Plasma pressure and field change
maintaining the pressure balance.
Rotational Vn = Bn/
√
µ0ρ
Intermediate shock in isotropic plasma.
Magnetic field and flow changes
direction but not magnitude.
In table 2-3, it is described the geometry of shock waves in MHD fluids (parallel, perpendicular
or oblique) and the type of information speed associated with it (fast, slow or intermediate).
The basic classification of shocks is based on θB . If θB = 90◦, the shock is called a perpendicular
shock, if is close to 90◦, it is called a quasi-perpendicular shock. A shock for which θB = 0◦ is called a
parallel shock, and one for which is close to 0◦ is a quasi-parallel shock. A shock that is neither close
to 90◦ nor 0◦ is called an oblique shock. The jumps in the fields across a shock and the change in
the velocity depend on β and the Mach number associated.
It is possible to find any of those kinds of shocks in the interplanetary medium but at 1 AU, fast
forward shocks are very common (Lepping, 2005). The shocks are also classified depending on
the forward or reverse sense from the Sun using a solar wind frame of reference. Hence, four
categories of shocks are generally of interest in solar wind studies: fast forward, fast reverse, slow
forward and slow reverse (Lepping, 2005). Figure 2-5 shows the variation of the physical quantities
describing shocks. For example, Earth’s bow shock is classified as a fast reverse shock, because
it travels against the solar wind flow direction, and it is of a “fast-mode wave”nature (Tidman,
1967).
Shocks driven by the ejecta from solar eruptions are commonly known as transient shocks. They
are mostly classified as fast forward shocks type (Terasawa, 2011) and are neither perpendi-
cular nor parallel, they are oblique, e.g. (Volkmer and Neubauer, 1985). The Rankine-Hugoniot






: The compression ratio is directly proportional to the speed jump.
Entropy increase downstream of the shock.
ρ2 < 4ρ1 and B2 < 4B1 across the shock.
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Table 2-3.: Description of the types of shock waves present in MHD fluids. Taken from Kivelson
and Russell (1995)
Shock waves: With flux mass accompanied by compression and dissipation
Shock type Conditions and properties
Parallel Bt = 0 Magnetic field unchanged by the shock
Perpendicular Bn = 0
Plasma pressure and field strength
increased at the shock
Oblique Bt ̸= 0 Bn ̸= 0
Fast Associated to vf
Plasma pressure and field strength
increased at the shock. Magnetic field
bends away from the normal
Slow Associated to vs
Plasma pressure increased and
magnetic field decreased at the shock.
Magnetic field bends towards the normal
Intermediate Associated to vi Only shock-like in anisotropic plasmas
The shape of transient shocks is also a topic of active study. These are based on the study of the
orientation of the shock orientation and the position of the assumed source. Parker (1963) sug-
gests that transient shocks within 1 AU are spherical at first approximation, however constant
interaction with streams can cause mesoscale distortion of the shocks shape in the interplane-
tary medium (Burlaga and Scudder, 1975; Hirshberg et al., 1974). Observations made by Helios
1 and 2, IMP-7, and Voyagers 1 and 2 show small-scale shock distortions and fluctuations (Bur-
laga et al., 1980). This was the first evidence of the rippled-shape of shocks on a small scale.
Multispacecraft analysis of small-scale shock shapes was also made by Russell and Alexander
(1984), evidencing ripples on transient shocks near 1 AU. The turbulent regime and interactions
between inhomogeneities such as tangential discontinuities in the solar wind can engender rip-
ples in shocks (Gazis et al., 1985), besides there is evidence that shock surface ripples can be
important for particles acceleration by shocks (Cairns, 2011).
2.3.3. Shock waves in colissionless plasmas
The small-scale structure of shocks in the interplanetary medium can be interpreted using non-
collisional plasmas: Colissionless plasmas. Plasmas found in themagnetosphere, interplanetary spa-
ce, the corona, and elsewhere in the universe are classified as collisionless plasmas. Axford (1962)
and Kellogg (1962) independently predicted that a shock wave would form in front of Earth’s
magnetosphere when the existence of shock waves in collisional plasmas was debated. They
suggested that Earth is an obstacle in the path of a supersonic solar wind, a shock wave should
form. This prediction was confirmed by the Explorer 12, the Mariner and IMP missions which
passed the bow shock in 1963 (Sonett and Abrams, 1963; Cahill and Amazeen, 1963). Subse-
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Figure 2-5.: Sketch of parameter variations: Tempereature Tproton, Density Nproton, transversal
magnetic field Bt and flux speed Vproton for four types of interplanetary shock in a
spacecraft reference frame. Taken from Lepping (2005)
quent observations of other planetary bow shocks and also of interplanetary shocks definitely
confirmed the formation of non-collisional plasma shocks.
Collisionless and collisional shocks differ in their spatial extension and therefore their energy
dissipationmechanisms. In ordinary shocks, the energy is dissipated by collisions between parti-
cles, while in a collisionless plasma, such effect is absent. The efficiency of the collision transport
of energy is inferred theoretically from the collisional mean free path, commonly expressed as
λmfp = (ρσc)
−1 for a collision gas. In the interplanetary plasma, the temperature substantially
exceeds the ionization energy threshold making the long-range Coulomb force the principal in-
teraction between particles. Thus, the collisional mean free path contains the Coulomb-cross
section σC thereby becoming the Coulomb mean free path. For a measured solar wind plasma
particle density of ρ ∼ 10 cm−3 and an electron temperature of Te ∼ 30eV the Coulomb mean
free path amounts roughly to about λC ∼ 5AU (Treumann and Jaroschek, 2008c,b). Spacecraft
transits in Earth’s bow shock determined that its width is between 100−1000 km, which means
that any dissipative processes in interplanetary shocks must be attributed to mechanisms ba-
sed not on collisions but on collective processes. Although observations indicate that collective
processes involving wave-particle interactions are important dissipation mechanisms in shocks,
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the exact mechanisms are not yet identified.
Together with the Coulomb-cross section, the local density also determines the collisional mean
free path in plasmas. The particle density distribution of the lower solar corona is higher enough
to decrease the collisional mean free path, allowing the direct observation of the compression
region in shocks close to the Sun.
A) B)
Figure 2-6.: Panel A) A spherical EUV wave of January 17, 2010 observed by STEREO B/EUV
detector. Taken from Warmuth (2015). Panel B) Sequence of LASCO/C2 difference
(bottom) images showing the evolution of the CME on 2002 March 22 showing the
existence of a shock front. Taken from Bemporad and Mancuso (2010)
Figure 2-6 shows an example of wave signatures in the corona observed in EUV (Panel A) and in
white light (Panel B). In EUV images, these disturbances are known as EIT waves. EIT waves are
an example of compressive shocks which propagates with speeds about 100 km s–1 (Moses et al.,
1997; Thompson et al., 1999). These are commonly associated with flare eruption and formation
of blast waves in the low corona.
For the case of white light coronagraphic observations, smooth emission features in front of
CMEs can be observed. These are density enhancements generated CME-driven shocks (See Fi-
gure 2-6 panel B). Those shocks are observed at the nose and flanks of CMEs. Vourlidas et al.
(2003); Rouillard et al. (2011); Kwon et al. (2013) identified EUV waves propagating in the lower
corona, than afterward were observed in STEREO/COR1 in the upper coronal, giving a clear de-
monstration of the CME-driven shock transit in the overall corona.
Shocks propagating in the heliosphere outside the field of view coronagraphs requires other
methods of indirect detection. The shock spacial extensión increases with radial distance ma-
king difficult the observation of the compression region. Radio observations provide an indirect
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method for tracking fast forward shocks from its eruption to its transit across the interplanetary
environment.
The physical process of radio emission in collisionless shocks involves microscopic kinetic pro-
cesses, wave-particles interaction and collective dynamics in the extended shock region. The
microscopic structure in this type of shocks and the environment physical features of the in-
terplanetary space are fundamental for radio waves generation and propagation. Cairns (2011)
summarised the basic description of the current theoretical approach to the plasma emission
process involved in CME-driven shock formation, responsible for the generation of the radio
frequencies emission. Basic ideas of this description are shown in the next part.
Theoretical approach for the radio emission in CME-driven shocks
The plasma emissionmechanism produces electromagnetic radiation near the local electron plas-
ma frequency fpe or 2fpe. The interpretation of this mechanism involves physical process from
microscales to macroscales. Cairns (2011) described that the microscale scenario includes:
1. Electron reflection and acceleration at shocks forming electron beams
2. Growth of Langmuir waves in the foreshock region
3. Linear or nonlinear conversion of Langmuir waves into radio emission
Figure 2-7 shows themacroscopic scenario for the coherent radio emission in CME-driven shocks.
In this scenario, the shock front is caused by a CME that exceeds the fast mode speed. The irre-
gularities in density and the spatial variation of the magnetic field in the interplanetary medium
generates ripples at scales of the decorrelation length of the magnetic field ∼ 109 m. The “fo-
reshock” is defined as “regions upstream of the shock but downstream of the magnetic field
line tangent to the shock”where the electrons can be reflected and accelerated forming electron
beams that propagate parallel to the magnetic field lines.
Leroy and Mangeney (1984) and Wu (1984) derived the fast Fermi theory of particle accelera-
tion, initially in the terrestrial bow shock. This process also explains the particle acceleration
in CME-driven shocks. Based on the Rankine-Hugoniot equations, a fast mode shock produces
an appreciable rising of the downstream magnetic field strength compared with upstream in a
quasi-perpendicular or perpendicular orientation. That abrupt increase acts like a magnetic mi-
rror which reflects particles to the upstream region, providing them with an energy injection.
The reflected particle distribution corresponds to a “loss cone”distribution with a opening angle
α = sin−1(B1/B2). Electrons inside the loss cone have enough energy to enter the downstream
region, while electrons outside will be reflected back. This effect generated an effective separa-
tion between particle species leading to a frame-dependent cross-shock electrostatic potential
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Figure 2-7.: Sketch of scenario for the radio emission associated with CME-driven shocks. The
CME in movement produces a wavy shock front. Within the ripples, the magnetic
mirroring in the shock front produces electron beams, which propagate along the
field lines towards the foreshock region: upstream of the discontinuity but downs-
tream of a certain tangent magnetic field line, where the radio emission is produced
ϕcs. The cross-shock potential has to be positive in order to energize electrons. In this case, elec-
trons are attracted downstream but ions are slowed down limiting its motion across the shock.
Only ions with energies less than ϕcs are effectively reflected and energized. When the ion re-
flection is important the shock is considered ”supercritical”.
Electron beams are formed basically by the electron population which crosses towards the fo-
reshock. This population can be made by reflected upstream electrons or electrons remnants of
the downstream region. Cairns (1987) describes two more effects of particle selectivity:
“Electrons have a minimum escape cutoff speed for entering foreshock determined by
shock’s effective speed along the magnetic field lines”
“Time-of-flight effect that relates to motion of charged particles in the foreshock (kinema-
tic cutoff effect)”
Combining those, is possible to define the cutoff parallel speed of the electrons in the Hoffmann-
Teller frame by the effective shock speed, which is also known as the Hoffmann-Teller speed:
vHT = vd tan θbn (2-13)
where vd is the component of the plasma upstream velocity v perpendicular to B1 and θbn is
the angle between the local shock normal and B1. Only particles with v∥ > vHT can reach the
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foreshock region (Cairns, 2011).
The foreshock electron distribution have a increase at high v∥ forming a bump on the tail of the
background electron distribution. This distribution in unstable (conventional beam or ”bump-
on-tail” inestability) allowing the exponentially grow of Langmuir waves (Benz, 1993). Schmidt
and Cairns (2012) describe that the inestability is produced by a positive longitudinal gradient
of the anosotropic electron distribution funtion: ∂fr(v∥)/∂v∥. The maximum growth rate γK of









Here ρe is the background electron number density which it assumed much greater of the beam
number density np and ωp = 2πfp the angular electron frecuency. Schmidt and Cairns (2012)
argue that “large growth rates are predicted for beams that are relatively dense, fast and cold”.
The theory suggests that the formation of Langmuir waves in the foreshock region is the respon-
sible of the radio emission near the plasma frequency and therefore responsible for the Type II
radio emission. Langmuir waves or plasma oscillations are one of the three electrostatic modes
that can be generated in two-fluid plasmas. This mode is longitudinal i.e. the electric vector is
parallel to the wave vector k, there is no induced magnetic field and it dispersion relation in a
cold plasma is ω = ωp where ωp is the angular plasma frequency. Its phase velocity is low and
varies with wavelength (dispersive wave) and the group velocity is null, i.e. this wave can not
propagate energy. The waves can be reflected by regions of high density and can be subject to
a strong damping, thus they cannot escape easily from the source region (Benz, 1993). Based on
observations, Thejappa and MacDowall (2000) discovered that Langmuir waves appears in in-
terplanetary shocks mainly in upstream regions, at both quasi-perpendicular and quasi-parallel
shocks and mainly associated to supercritical shocks, making the Langumir wave production
highly dependent of the local shock geometry.
There are severalmodels that explain the conversion Langmuir wave energy into electromagnetic
modes near fp and 2fp, however, the phenomenon has not been completely understood. Themo-
del proposed by Cairns and Melrose (1985) and then developed by Robinson and Cairns (2000);
Knock et al. (2001); Li et al. (2008) among others, involves standard processes for the nonlinear
plasma emission mechanism, including electrostatic decay (ES) and electromagnetic decay (EM).For a
complete review and information about other models refer to Vršnak and Cliver (2008).
The theoretical approach of the radio emission ensures that the formation of a fast shock wave in
a quasi-perpendicular geometry is the most likely configuration responsible for the radio emis-
sion. This radio emission is common in the interplanetary environment being this the evidence
of the shock formation. In the next section, the main features of radio observations associated
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with solar eruptive events are included.
2.4. Solar radio observations: Interplanetary Radio bursts
Solar radio emission is basically composed of a thermal component and a non-thermal compo-
nent, e.g. Kundu (1965). In GHz and MHz bands, the thermal component of the radio emission
is dominant, providing information about the coronal plasma structure at a given frequency. On
the other hand, the nonthermal component, associated to solar bursts, is produced via plasma
emission mechanism, which is driven by electron beams accelerated during eruptive phenome-
na such as flares or CMEs. Solar bursts can be observed from GHz to kHz and those are classified
depending on its origin and its intensity. Its spectrum depends on the plasma local parameters
and the accelerated electron population. In this section, we describe two types of radio burst
associated directly with solar transient phenomena, named Type II and Type III radio burst. For
a complete review of solar radio observations refer to (Kundu, 1965) or Gopalswamy (2004).
2.4.1. Type II radio bursts
Type II radio bursts are commonly related to CMEs-driven shocks. This emission is characterized
as emission bands that slowly drift from high to low frequencies in time. In the low corona, type
II bursts are observed between ∼ 400 − 20 MHz, while in the interplanetary medium type II
bursts are observed between ∼ 20 MHz −20. The connection between Coronal and interplane-
tary type II radio burst is a current topic of discussion.
Type II burst is generated by plasma emission mechanism, whereby its emission frequency co-
rresponds to the fundamental plasma frequency or its harmonics. The plasma frequency is defi-
ned in terms of certain plasma parameters:







where ne is the electron number density,me electron mass, e fundamental charge and ϵ0 vacuum
permittivity. The plasma frequency corresponds to the characteristic oscillation frequency of the
electrons around inert ions. Its measurement in radio spectra provides us information about the
local electron density of the plasma. Figure 2-8 shows a classical type II burst associated with a
X1.0 solar flare and a CME release on August 24, 1998. The slowly drifting emission continues
for more than one day until the in-situ shock is detected. This scenario corresponds to the re-
presentation of a solar-terrestrial event connection i.e. the direct interaction between Sun and
Earth.
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Figure 2-8.: Characteistics emission of a solar-terrestial event showing a type II and III burst as-
sociated to an X1.0 solar flare on August 24, 1998 observed by Wind/WAVES. From
STEREO / WAVES Science Investigation webpage https://swaves.gsfc.nasa.
gov/swaves_science.html
Type II radio bursts are characterized by several important aspects. Interplanetary type IIs emis-
sion is often intermittent and fragmented, rather than continuous, usually presents fundamental
fp or harmonic 2fp emission. Besides, the bands can exhibit a particular fine structure as band
splitting, multiple lanes or “herringbone” behavior. For a complete information about type II fine
structure refer to (Cairns, 2011). Most of these fine features are observed, being the split-band
and multiple lanes the most common in coronal type II. However, these structures are not do-
minant in interplanetary type II.
Reiner et al. (1998) found that the emission signature of type II radio burst can be described as
straight lines in dynamic spectrum used the inverse of the frequency (1/f ), assuming that:
The solar wind density decreases with the square of the radial distance,
The shock speed vsh is constant,
fp(r(t)) and 2fp(r(t)) are produced upstream of the shock.
Using this simple relation is possible to determine the location of the shock as a function of
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= Avsh(t− t0) (2-16)
here m = 1 or m = 2 for a fundamental or harmonic emission respectively, A is a constant de-
termined by the density in-situ conditions and the only free parameter is vsh. With this analysis,
it is possible to determine theoretically sources of shocks near the solar surface and possible
emission trajectories. Thus, we can evaluate the behavior and the observational characteristics
of the type II radio burst emission.
2.4.2. Type III radio bursts
These bursts are bright fast frequency drift bands commonly associated temporarily with flare
releases. Observations suggest that the flare explosions drives particle acceleration towards the
outer solar corona. This forms electron beams that propagate along open magnetic field struc-
tures to the interplanetary medium (see figure 2-6). Electron beams and Langmuir wave activity
in-situ observations have confirmed the plasma emission mechanism as the physical process
which generates Type II radio bursts. This burst has been used to characterize the local me-
dium due to it can act as a probe of the solar corona and solar wind plasma. Also, the drift rate
of bursts can be used to assume the speed of the exiting electron beam. For a complete and
detailed description of this type of bursts refer to Reid and Ratcliffe (2014).
2.5. Type II radio burts database
Several multi-spacecraft studies of the CME effects on the interplanetary environment have been
performed, including kinematic studies, shock wave formation and radio emission generation
(Möstl et al., 2015; Bain et al., 2016; Krupar et al., 2016; Liu et al., 2017). These research in-
volved the study of isolated events, therefore no consolidated database of CME-driven shock
events characterized by different observables and observed by multiple points in the space have
been produced. From pre-existing databases, including general information about interplanetary
in-situ shock detection, type II radio burst records and the direct study of observables from day
to day, we built our working database.
As a first step, it is necessary to define which missions we will use and the specific the time range
of observation. It was decided to use Wind, SOHO (Domingo et al., 1995) and STEREO (Kaiser,
2005) mission and to study events from 2007 to 2011. Our reason to choose this spacecraft and
time interval was based on the following:
These three missions have proper properties, both orbital and technical, suitable for the
study of CME-driven shocks. STEREO and SOHO have coronagraphs and heliospheric ima-
ges which are fundamental for CMEs detection (Brueckner et al., 1995; Howard et al.,
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2008). Wind and STEREO have antennas measuring in a broadband in radio frequencies
(Bougeret et al., 1995, 2008). STEREO and Wind have magnetometers and particle de-
tectors for analyzing the local plasma state. Those observables together with the orbital
properties of STEREO mission (Lepping et al., 1995; Galvin et al., 2008), it is possible to
perform multi-spacecraft and multi-observable studies of CME-driven shocks in the inter-
planetary space.
The angular separation of spacecraft used (STEREO A, Wind and STEREO B) is between
0.1 degrees at 2007 to 144 degrees at 2011 as can be seen in the figure 2-9. With these
spatial configurations, it is more likely to find multi-spacecraft detections of the same
interplanetary shock event.
This observation window corresponds to part for the solar minimum of the solar cycle
24. In the solar minimum, the shape of the heliospheric magnetic field is very similar to
the ideal Parker spiral model and with an approximate dipolar magnetic field distribution
in the lower corona. This fact allows us to ensure a quasi-stable magnetic field structure,
unlike observations in a solar maximum, which are heavily influenced by the high solar
dynamics. Therefore, we can observe events considered isolated propagating in a stable
environment.
March 2006 December 2011
Figure 2-9.: Spatial configuration of STEREO A, STEREO B and Wind on March 2007 and on De-
cember 2011. October 2006 the STEREO mission was launched, since that time they
have been separating between each other at ∼ 44◦ per year. Made using STEREO
orbit tool https://stereo-ssc.nascom.nasa.gov/cgi-bin/make_where_gif
However, there is a disadvantage when using a time range in a solar minimum: the low rate of
generation of CMEs. This restricts the number of CME-driven shocks that we can study. There-
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fore, it is expected that our sample will be relatively small.
With this time range defined, we conducted a search of interplanetary shock in existing databa-
ses. Based on the database of heliospheric shock waves maintained at University of Helsinki ²,
we find 45 shocks reported in 2007, 41 shocks reported in 2008, 45 shocks reported in 2009, 62
reported in 2010 and 120 in 2011 giving a total of 313 shock events detected in-situ by STEREO
and Wind in this time range. This database reports some shock parameters that are useful for
the initial classification of the shocks. Those are:
Shock Type: Fast Forward (FF) or Fast Reverse (FR)
Downstream-to-upstream ratios in density, proton density and proton temperature
Solar wind (bulk) speed jump |∆V |
Alfvén Mach number MA
Shock velocity Vsh
Shock obliquity: n⃗sh,θsh
Upstream plasma beta β
Along with this database, we also use theWind/WAVES type II burst catalog ³. This includes all type
II bursts detected byWind/WAVES experiment and related to CMEs white-light observation ma-
de by SOHO mission. We find 3 radio burst records for 2007, 2 radio burst records for 2008, any
radio burst record in 2009, 3 radio burst records for 2010 and 27 radio burst records for 2011
summing a total of 35 registered events of Type II radio burst detected by Wind in this time
range. This preliminary database is as the first record of events associated with the formation of
CME-driven shocks to then compare them with the records of the STEREO observables.
Based on this initial sample, we make a preliminary inspection to find shocks associated with
CMEs and with radio burst type II for all the missions used. For this task, we use four observa-
bles: CME White light observation, EUV low corona observation, in-situ proton plasma profiles
and magnetic field and radio dynamic spectra. The events searching was performed using the
following criteria:
1. The first inspection was made on the radio spectra, searching Type II radio burst by hand,
i.e. observing the dynamic radio spectra day by day. Whenever there was evidence of the
Type II radio burst in any radio spectrum, we compared it with the other radio spectra
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2. We check the existence of CME features in two sources: CACTUS CME database 4, based
on the coronagraph data from SOHO. Also, we inspect the coronagraph images by hand,
given by SECCHI (STB and STA) and LASCO (SOHO) in order to find events correlated with
CATUS or detect faint CMEs not reported. From the coronagraph images, we determine
the kinematics of the CMEs (direction of propagation and projected release speeds) tem-
porarily related to Type II radio bursts.
3. EUV images in 195 Å y 304 Å given by the spacecraft were also inspected. In those images,
we can observe active regions which can be related to CMEs generation and its direction
of propagation5 6.
4. Depending on the CME propagation geometry, we evaluate the existence of interplanetary
shock days after the CME release. We also check for any kind of discontinuity in the plas-
ma parameters on in-situ data for confirming the information of the interplanetary shock
database but also for to identify the magnetic cloud presence.
5. Finally, we made an initial inspection the radio dynamic spectra close to the shock time
in order to find evidence of apparent radio burst type II in-situ.
In the constructed database (see appendix B) all detections of type II radio bursts clearly visible
in the period from 2007 to 2011 and which would have been observed by 2 or more spacecraft
are included. From this, we analyzed the possible source of the radio emission with the other
observables: we evaluated the presence of flares, CMEs, the associated interplanetary shocks
in-situ, the evidence of an apparent magnetic cloud and type II radio burst in-situ in the four
spacecraft.
This database has 27 Type II radio burst registered events (including high-frequency records> 10
MHz or low-frequency records ∼ 10 kHz), which show different characteristics observables:
74% of the sample has at least one interplanetary shock in-situ days after the radio burst
detection.In this case, there are events that can be faint, which produce the radio emission
just at the transient formation, or where the radio emission is associated to coronal waves
drives by the flare release. This is also justified because the 22% shows the only emission
at high frequencies, which leads to the discrepancy of the real origin of the radio emission.
Just the 18% of the sample are associated with X-flare class GOES and 22% are associated
with M-flare class GOES. There is evidence of high energetic flares which were not obser-
ved and thus classified by GOES, but which evidences high EUV flux in STEREO images.
4CACTUS CME database: http://sidc.oma.be/cactus/
5Soho Images: http://sohodata.nascom.nasa.gov/cgi-/soho_movie_theater
6STEREO Images: http://stereo-ssc.nascom.nasa.gov/cgi-bin/images
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55% of the sample exhibit at least one CME event classified as fast CME (projected speed
> 900 km/s) (Gary and Keller, 2004) reported in public databases or clearly observed in co-
ronagraph images, suggesting that the formation of fast shock waves in the interplanetary
medium is not only defined by the driver energy. Just one element in the sample does not
have any clear evidence of eruptive source, however, we suggest that the radio emission
and the IP shock can be related to the high solar activity days before.
63% of the sample display a CME Halo type observed in at least one spacecraft (STEREO
A, STEREO B or SOHO) and that the corresponding spacecraft observes the IP in-situ.
In reference to the characteristics of the IP shock, all the IP shock sample are classified
as Fast Forward type shock (FF), 70% has a quasi-perpendicular geometry, 35% are clas-
sified as supercritical shocks (Mcritical = 3 Treumann and Jaroschek (2008a)) and 33%
shows clear evidence of magnetic cloud after the discontinuity. The percentage associa-
ted with quasi-perpendicular geometries is adjusted to the theory since this condition is
determinant for the efficiency of electron beam formation, nonetheless the number of ob-
servations of magnetic clouds is low in comparison with the detection of CMEs type Halo,
which may indicate that the structure and morphology of the CMEs vary throughout their
propagation in the IP medium.
Most of the observational characteristics determined are adjusted to various statistical studies.
We observed the initial deacceleration of fast CMEs, the variety of DH radio burst detection,
the relation between metric radio burst and fast CMEs and that IP shock without a clear dri-
ver should be associated to CME flank detections (Gopalswamy et al., 2000, 2001b; Cliver et al.,
1999).
The evidence of radio burst type II in-situ or the source region of the radio emission was also
evaluated in the sample. Just 4 events have brightness enlargement at low frequencies in the
radio spectra immediately before the detection of discontinuity: Event 1: August 1-8, 2008; Event
2: August 18-20, 2010; Event 3: August 4-5, 2011; Event 4: November 20, 2011. Based on those 4
events, which show the most of the observables that we look for, we achieved a detailed analysis
of the microscopic structure of the shock and evaluate the direct detection of the source region
of radio emission. Along with this analysis, we made the selection of an event that showed all
the observables that we are looking in order to characterize the formation of CME-driven shock
from the CME release to the in-situ shock and magnetic cloud detection using multi-spacecraft
observables, the central topic of the next chapter.
3. Structure of CME-driven shocks in the
inner Heliosphere
In this chapter, we show a comprehensive analysis of the electrostatic wave activity of four
interplanetary shocks of the sample that evidence Type II radio burst in-situ. We included an
inspection of the microscopic features of the shock and the ion-acoustic and Langmuir wave
activity.We also present the complete characterization of the CME-driven shock event of August
18, 2010 using all available observables. Because this event has not been studied in depth before,
it presents evidence of all the observables in at least one spacecraft and has the greatest type
II radio burst detection, it was chosen for the detailed study. In the analysis, we describe the
main properties of the flare associated and the kinematic and morphological properties of the
generated CME. We perform a complete observational description of Type III and Type II radio
emission generated in the event, contrasting it with the radio emission with the LDB Leblanc
et al. (1998) and SPM Saito et al. (1977) electronic density models in order to estimate the most
probable radio emission generation scenario. Finally, we evaluate the existence of a foreshock
region in the shock, electron beams and the main properties of the magnetic cloud detected
in-situ. Before presenting the results, we also included a brief discussion on the complex and
intermittent radio emission observed in Type II radio burst, particularly in the events of the
sample.
3.1. Type II radio bursts discontinuity problem
Radio emission observed in CME-driven shocks events in the database revealed a common cha-
racteristic. The observed emissions are intermittent across themetric, decametric and kilometric
ranges (See figure 3-1 Panel B). This seems to occur in most radio bursts because the formation
of radio waves depend on constantly changing conditions of the ambient plasma e.g. Schmidt
and Cairns (2014).
Fast MHD shocks are highly influenced by the driver speed and the local fast mode speed, which
can inhibit or stimulate the formation of shocks and then radio emission. Figure 3-1 Panel A
shows basic profiles of the fast mode speed as a function of heliospheric height for different
coronal structures. The plot shows an asymptotic behavior in active regions (AR) at low heliosp-
heric height and a maxima in the quiet sun profile (QS) at ∼ 3R⊙ (red lines). Those are heights
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where the shock formation is limited, producing a “barrier” in the shock formation. The first
barrier, associated with active regions, is due to the high values of the magnetic field in inner
corona, generating high values of Alfvén speed∼ 4000 km/s (Gopalswamy et al., 2001a) and thus
high values of fast mode speed. The second barrier is because the Alfvén speed has another peak
in the outer corona due to density decrease in height.(Krogulec et al., 1994; Gopalswamy et al.,
2001a).
Figure 3-1.: Panel A: Fastmode speed (VF ) profile for the active region (AR) and quiet (QS) corona
as a function of the heliocentric distance. The solar wind speed profile (SW) is also
shown. The sharp increase of VF in region 1 (yellow) inhibits shock formation in
the core of active regions. Shock formation is easier in regions 2 (orange) and 3
(green) thanks to the decrease in VF . Taken from Gary and Keller (2004). Panel B:
2003 November 01 22:30 UT type II event with two main sets of bands, split-band
fine structure and significant changes in drift rate. Taken from Cane and Erickson
(2005).
Drivers with moderate speed (< 600 km/s) cannot form shocks close to barrier regions. Close to
the Sun in the core of active regions or in a wide band close to 3.5R⊙ in quiet Sun regions, CMEs
can not have enough speed to form fast mode shocks, nevertheless, they could drive shocks
in the quiet inner corona or in the interplanetary medium. Due to the observational evidence,
Gopalswamy and Kaiser (2002) states that this profile can explain most of the observed characte-
ristics of metric, Deca-Hectometric and kilometric type II bursts (Schwenn, 1996; Gopalswamy
et al., 2001a).
The diverse ranges of fast mode speed values (from 250 km/s to 550 km/s in quiet Sun regions)
are one of the causes of intermittency in the Type II radio burst because a CME with almost
constant propagation speed just can form shocks where the super-fast mode speed condition
is satisfied (See 2.3.3 and 2.4.1). The barrier regions can vary in height depending on the solar
activity, making complicated its prediction. The events of our database in general show radio
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emission in the metric and DH range, however, its intermittency and complexity show that the
distribution of speed quickly can vary in space and time.
Interactions between streamer-CME, CIR-CME and CME-CME produce complex radio emission
(Gopalswamy et al., 2001b, 2002; Martínez Oliveros et al., 2012). These interactions modify the
environment causing new propagation conditions for subsequent transients. For example, the
interaction of a fast curved shock surface with a dense streamer structure or co-rotating inter-
action regions can produce multiple lanes. Diverse kind of interactions could also be the origin
of complex ejecta at 1 AU, as we observed in several events of our sample.
3.2. Analysis of interplanetary shocks in-situ: Source of the
Type II radio emission
In the initial inspection of our sample, we identified four events with evidence of radio emission
close to the shock vicinity: Type II burst in-situ (See 1.5 and 2.4.1). In this analysis, we evaluate
the temporal correlation between the detection of electrostatic wave activity and radio emission
in-situ. To determine that the radio emission is not associated with potential fluctuation in the
antenna due to thermal electron motions, we applied the algorithm presented by Pulupa et al.
(2010).
Using the procedure developed by Pulupa et al. (2010), we measure the power close to plasma
frequency in the dynamic spectra in order to determine effectively the detection of the source
region of the type II radio burst. The evaluation was performed using the followingmethodology:
1. The proton density measurements ∼ 8 minutes before and after the shock were used to
estimate the electron plasma density, assuming plasma neutrality. This allows determining
the local electron plasma frequency.
2. Radio power values are integrated around the calculated plasma frequency and then the
designated score (PLW/Pfp) is calculated (Pulupa et al., 2010). This is called the Langmuir
wave activity score, and it is defined as the ratio between the maximum power and a baseline
power. As the baseline, we used the minimum value found upstream of the shock.
Pulupa et al. (2010) choose a PLW/Pfp score of 10 as a threshold for shocks with real upstream
Langmuir wave activity.
We also study the proton density and magnetic field distributions, and radio dynamic spectrum
30minutes around the shock to characterize some properties of the shock: type, intensity, shock
speed, and geometry.
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The electrostatic wave activity close to shocks was previously studied by Wilson et al. (2007)
using Wind/WAVES. They described the common three large-amplitude electrostatic modes:
Langmuir wave packets, ion-acoustic waves, and solitary perturbations:
Langmuir waves (LW) appear as wave packets with the main frequency equal to the local electron plasma
frequency (at 1 AU is about 30 to 20 kHz) and are usually linearly polarized parallel to the localmagnetic
field.
Ion-acoustic waves (IAW) are broadband bursty waves shows a variety of frequencies between 1–10 kHz
and are usually linearly polarized close to parallel or oblique to the local magnetic field.
Electrostatic solitary waves (SW) are single perturbations parallel to the local magnetic field, signatures
of nonlinear Debye-scale bipolar electric fields.
In order to corroborate electrostatic wave activity in the shock, we evaluate the existence of re-
cords of the Time domain Sample (TDS)modules on board ofWind/WAVES and STEREO/WAVES.
Those provide high time resolution voltages that can be converted in “burst mode” electric field
measurements. Every module has an onboard ranking system that limits the transmission of any
TDS samples from lower amplitude waves in the shock ramp. Thus, only high-amplitude dis-
turbances are reported > 1mV /m. The TDS modules for each mission has different technical
specifications, so data handling is treated differently.
TDSWind/WAVES module allows the measurement of electrostatic oscillations in captures of∼
17ms each (Bougeret et al., 1995). Wind antenna configuration does not provide reliable values
of the z-axis for the module. Thus, we compare the alignment of the magnetic and electric field
(parallel or perpendicular) in the Ex −Ey plane defined by the spacecraft in order to determine
the wave polarization. On the other hand, the STEREO/WAVES TDS module provides high time
resolution voltages in the spacecraft coordinates, which are registered at a period of 65ms at
250 kHz cadence which is interpreted as electric fields based on the w/base caps (Graz) (Bale et al.,
2008; Bougeret et al., 2008). This system allows the detection of electrostatic oscillations in three
spatial axes, providing three-dimensional records.We perform a coordinate transformation from
the electric fields raw coordinate into the magnetic field-aligned coordinate, where E⃗∥ is parallel
to B⃗, E1⊥ is in the B⃗ × R⃗ (RTN system) and E2⊥ complete the right-handed system (Graham
and Cairns, 2015). Depending on the number of reports acquired by the modules, we study the
waveforms and their Fourier spectra to determine the type of electrostatic mode observed.
3.2.1. Electrostatic wave activity results
Figures 3-2 and 3-3 shows for the selected events the proton density and magnetic field profiles,
the radio dynamic spectrum, and radio power integrated close plasma frequency in the shock
vicinity. Also, it shows the waveforms and spectrum for the electrostatic activity records mea-
sured by TDS modules. Table 3-1 summarize the macroscopic properties of the shock measured
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Table 3-1.: Summary of the results obtained in the analysis of radio emission source regions. It
is included the shock characteristics: type, magnetic field and density jumps (B2/B1,
N2/N1), shock velocities, obliquity angle θBn and Alfvénic Mach number. It includes
the Langmuir wave activity scores PLWA/Pfe and the electrostatic activity summary













Total LW IAW SW
August 3, 2010 17:05 UT FF 2.81± 0.41 2.41± 0.37 531± 34 70± 12 3.2± 0.5 2.32 2 - 2 -
August 20, 2010 16:13 UT FF 2.79± 0.06 5.72± 0.98 553± 11 65± 3 2.5± 0.1 5.33 1 - 1 -
August 5, 2011 17:32 UT FF 2.78± 0.3 2.31± 0.40 388± 59 84± 12 3.1± 0.6 3.88 4 2 2 -
November 20, 2011 13:35 UT FF 2.18± 0.05 3.07± 0.33 221± 165 70± 38 0.9± 0.5 9.21 22 13 9 -
in-situ, the Langmuir wave activity scores PLWA/Pfe calculated using the radio spectra and the
electrostatic activity summary of the TDS records. For a better understanding of the events, we
will be explained individually.
Interplanetary shock on August 3, 2010
Wind satellite observed the transit of a fast forward interplanetary shock with moderate inten-
sity, a high shock speed, quasi-perpendicular geometry and supercritical condition on August
3, 2010 at 17:05 UT (Figure 3-2 upper panel and table 3-1). The shock was characterized by a
soft overshoot in the magnetic field at the downstream region, which agrees with a supercritical
condition (Treumann and Jaroschek, 2008c). Those are characteristics of quasi-perpendicular
supercritical shocks, which are more likely to generate radio emission, however, the calcula-
ted PLWA/Pfe score is less the defined threshold, which implies a low probability of finding
Langmuir wave activity. There were just two records of high amplitude waves (Figure 3-2 upper
panel). Those electrostatic modes were not temporarily correlated with the shock, its frequen-
cies are much lower of the local plasma frequency and its shows an oblique alignment with the
magnetic field vector in the defined plane (Figure3-2 upper panel). We suggest that these the
two waves correspond to ion acoustic modes at ∼ 4.5 kHz and ∼ 1.8 kHz respectively.
The origin of this Type II radio bursts was already studied by Martínez Oliveros et al. (2012).
They found that the radio emission is associated with a CME-CME interaction, propagating bet-
ween STEREO-B and Earth. In our initial inspection, we identified the CMEs in coronagraphic
images but we only reported the faster one in the STEREO B field of view.
Considering a constant CME speed measured in coronagraph images, CME-driven shock in-situ
observed byWind is temporarily correlatedwith the arrival of its flank.We also corroborated the
existence of unusual variations in the in-situ parameters after the shock, suggesting the possible
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ICME transit.
Event: August 3, 2010







Figure 3-2.: Results of the electrostatic wave activity for Upper: August 3, 2010 and Bottom:
August 5, 2010 events detected by Wind. The left panels show proton density and
magnetic field profiles (Wind/3DP and Wind/MFI modules), dynamic radio spectra
(Wind/WAVES) and radio power integrated around plasma frequency close to shock
detection. The white lines in the dynamic radio spectra correspond to the calculated
plasma frequency band. Vertical dotted red lines correspond to the detection times
of intense electrostatic activity. The right panels show some selected electrostatic
waves of the Wind WAVES/TDS electrostatic activity including waveforms, power
spectra and electric and magnetic field vector alignment.
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Interplanetary shock on August 20, 2010
A fast forward interplanetary shockwithmoderate intensity, high shock speed, quasi-perpendicular
geometry and subcritical condition was detected in-situ by STEREO A on 20 August, 2010 at
16:13 UT (see the upper panel of figure 3-3 and table 3-1). The shock was characterized by an
overshoot in the magnetic field at the downstream region, which agrees with a supercritical
condition (Treumann and Jaroschek, 2008c). The calculated PLWA/Pfe score is less the defined
threshold, which implies a low probability of finding Langmuir wave activity. Just one high-
amplitude wave was observed (Figure 3-3 upper panel) during the event. The waveform was
measured instantaneously on the magnetic foot upstream of the shock discontinuity (Treumann
and Jaroschek, 2008c). The result suggests that the electrostatic wave could be associated with
ion acoustic mode parallel to the local magnetic field at∼ 1.3 kHz, which could be generated by
the accelerated back-streaming ions (Treumann and Jaroschek, 2008c).
Interplanetary shock on August 5, 2011
On 5 August, 2010 at 17:32 UT, Wind observed the transit of a fast forward interplanetary shock
with moderate intensity, moderate shock speed, quasi-perpendicular geometry and supercritical
condition (see the bottom panel of figure 3-2 and table 3-1). The shock was characterized also
by a soft overshoot in the downstream region and the calculated PLWA/Pfe score is less the
defined threshold (see table 3-1). An intense radio emission was detected several minutes befo-
re the detection of shock discontinuity, indicating that the power increase was not temporally
correlated with the shock. Four large amplitude waves were observed in upstream and downs-
tream regions (Figure 3-2 bottom panel). Making a deep study of the waveforms, we conclude
that the two upstream waveforms correspond to Langmuir waves. The other two downstream
waveforms show features associated with ion acoustic modes. Figure 3-2 bottom panel shows
the results of the electrostatic waves closest to the shock discontinuity. The Langmuir wave clo-
sest to the shock discontinuity had a frequency of ∼ 23 kHz and the ion acoustic mode closest
to the shock discontinuity had a frequency of∼ 1.5 kHz. For these selected cases the orientation
in the Ex − Ey plane of the electric field has an oblique (quasi-perpendicular) configuration.
The most intense radio emission and the interplanetary shock in-situ are not temporally corre-
lated with the electrostatic waves observations. This result suggests that the Langmuir waves
are not directly related to the shock, instead corresponds to isolated events.
From the initial inspection of the event, the CME propagates towards the Earth with a high speed
(projected takeoff speed ∼ 1300 km/s), however, there is no clear evidence of ICME detection
after the shock.
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Event: August 20, 2010
Event: November 20, 2011
Figure 3-3.: Results of the electrostatic wave activity for Upper: August 20, 2010 and Bottom:
November 20, 2011 events detected by STEREO A and STEREO B respectively. The
left panels show proton density and magnetic field profiles (STEREO/IMPACT and
STEREO/PLASTIC modules), dynamic spectra (STEREO/WAVES) and radio power in-
tegrated around plasma frequency close to shock detection. The white lines in the
dynamic radio spectra correspond to the calculated plasma frequency band. Verti-
cal dotted red lines correspond to the detection times of intense electrostatic acti-
vity. The right panels show the some selected electrostatic waves of STEREO WA-
VES/TDS including waveforms, power spectra and electric and magnetic field vector
alignment.
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Interplanetary shock on November 20, 2011
On 20 November 2011 at 13:35 UT, STEREO B observed the transit of a fast forward interplane-
tary shock with moderate intensity, low shock speed, quasi-perpendicular geometry and subcri-
tical condition (see the bottom panel of figure 3-3 and table 3-1). The shock was characterized
by an overshoot in themagnetic field at the downstream region even when the shock is classified
as subcritical (Treumann and Jaroschek, 2008c). Unlike the previous IP shocks, the most intense
radio emission was temporally correlated to the interplanetary shock in-situ. In this case, the
score parameter value is close to the threshold of real activity, increasing the probabilities of
Langmuir waves observation. There were 22 records of electrostatic waves in the shock vicinity:
13 Langmuir wave packets upstream of the shock with frequencies between ∼ 30 to ∼ 24 kHz
and 9 high-amplitude waves with very low-frequencies < 1 kHz in the downstream region (see
table 3-1).
Figure 3-3 bottom panel shows 3 waveforms closest to the shock ramp including waveforms
parallel to the instantaneous magnetic field and its power spectra:
1. The first waveform corresponds to the last detected Langmuir wave packet in the upstream
region (13:38:37 UT). This waveform is parallel to the instantaneous magnetic field and its
power spectra show two frequency peaks at ∼ 18 kHz and ∼ 25 kHz.
2. The second waveform was detected seconds before shock ramp foot detection (13:38:42
UT). This high-amplitude wave did not show a clear structure or orientation.
3. The third waveform corresponds to a high-amplitude Langmuir wave packet detected im-
mediately after the shock ramp in the downstream region (13:38:44 UT). This waveform
is parallel to the instantaneous magnetic field and its power spectra show a frequency
peak at ∼ 40 kHz. There is also a low-frequency electrostatic oscillation (∼ 1 kHz) in
E2⊥ component which is temporally correlated with a similar oscillation in the parallel
component.
After inspection, it was not possible to determine the transient event originating the interpla-
netary shock. We do not have conclusive records of flares, CMEs or high-frequency type II radio
burst related to the shock.
As a summary, the analysis of the electrostatic waves activity during interplanetary shocks allo-
wed us to find evidence of the source region of the radio emission associated to CME-driven
shock for a single event: August 20, 2010. The other events showed a diversity of electrostatic
modes that are generally detected in the interplanetary environment.
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3.3. August 18, 2010 CME-driven shock event
During the initial phase of the solar cycle 24, a C4.5 solar flare was detected by instruments on
board the STEREO-A andWind spacecraft. This flare drove a CME formation and an intense type
III radio burst. Figure 3-4 panel A) shows the location of the hosting active region AR 11099 on
a 195 Å STEREO-A/SECCHI/EUV image , characterized by several coronal loops. Panels B) and
C) shows coronagraph images from in STEREO-A/SECCHI COR1 and COR2 and SOHO/LASCO C2
where the first stages of the CME propagation. Panel D) shows the dynamic radio spectra at the
beginning of the event. The CME had Halo-structure in STEREO-A field of view and a three-part
structure propagating towards the west limb, indicating that the CME was propagating towards
STEREO-A. The initial description of this event was already published by Díaz-Castillo et al.
(2017).
Figure 3-4.: A: STEREO A/SECCHI/EUV chromospheric image at 195 Å showing the hosting ac-
tive region. B: STEREO A/SECCHI COR1/COR2, C SOHO/LASCO coronagraph images
showing the first stages of CME propagation. D: Wind/WAVES dynamic radio spectra
showing the Type III and II radio burst in the MHz range and measured in UT. Taken
from Díaz-Castillo et al. (2017).
High energy emission from the flare was detected by the RHESSI spacecraft, providing informa-
tion of the impulsive phase duration. ¹ The flare began at ∼ 05:43 UT having its maximum at ∼
06:01 UT and a decay phase finishing at ∼06:04 UT according to RHESSI ². RHESSI could not
confirm the flare location because the flare occurred behind limb.
3.3.1. CME morphologic and kinematic properties
Between 06:00UT and 06:30UT, a CMEwas observed in the SOHO/LASCO and STEREO-A/SECCHI
fields of view. This CME was probably related to Type II radio burst measured between ∼ 13
to ∼ 0.5 MHz (Figure 3-7). Because the CME was simultaneously detected by STEREO-A and
¹Reuven Ramaty High Energy Solar Spectroscopic Imager RHESSI
²https://hesperia.gsfc.nasa.gov/rhessi3/data-access/rhessi-data/flare-list/index.html
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SOHO, it is possible to perform a multi-spacecraft morphologic and kinematic analysis of the
CME and thus determine morphological and kinematic properties of CME-driven shock. Table
3-2 shows main observational characteristics of the CME as reported in the CACTUS (Robbrecht
and Berghmans, 2004) and STEREO/SECCHI/COR dual-viewpoint catalogs (Vourlidas et al., 2017).
The CME observed by SOHO/LASCO propagated westward with an angular width of ∼ 130◦ and
a maximum projected velocity of ∼ 1400 km/s. These characteristics reaffirm that the CME pro-
pagated towards the western region, where STEREO-A is located.















239 Halo ∼ 930 - 31
¹ CACTus catalogue http://sidc.be/cactus Robbrecht and Berghmans (2004).
² Dual-viewpoint CME catalog from SECCHI/COR telescopes http://solar.jhuapl.edu/Data-Products/
COR-CME-Catalog.php Vourlidas et al. (2017).
Figure 3-5.: Left: Spacecraft spatial configuration along with the CME apparent propagation di-
rection and angular width. At this time, STEREO-A (STA) has an angular separation
∼ 80◦ from Earth and STEREO B (STB) has an angular separation of ∼ 72◦ from
Earth. Right: Results of the Gradual Cylindrical Shell (GCS) forward model for CME
event (Thernisien et al., 2009).




Figure 3-6.: HT-plots for different elongation angles (North corresponds 0◦ and angles are
counted counterclockwise) for each telescope: A), B) SOHO/LASCO/C2-C3 and C)
STEREO-A/SECCHI/COR2. Images are included indicating the elongation angles (EA)
used for the analysis. The graphs include the observation times of the Type II radio
burst at high frequencies observed by STEREO-A/WAVES: vertical color-bands (see
figure 3-9).
3.3 August 18, 2010 CME-driven shock event 49
The estimated extension value at 15 solar radii wasmade by analyzing themovement of the front
in the northwest direction using SOHO/LASCO coronagraph images. The angular width calcula-
ted for the CME was ∼ 30◦. Also, the spatial distribution of spacecraft (STEREO-A, STEREO-B,
and SOHO) allow us to estimate the main direction of propagation of the CME. It was found that
it is close to ∼ 25◦ from STA in the counterclockwise direction (Figure 3-5 left panel).
For estimate the morphology of the released CME, we used the results published in the CME-
Database of the Institute for Astrophysics of the University of Goettingen ³. This database pro-
vides the results of CME forward modeling based on the Graduated Cylindrical shell structure:
GSC modeling (Thernisien et al., 2009). The model provides the best fit to a “croissant structure”
(Thernisien et al., 2009). The right panel on Figure 3-5 shows the best fit of the croissant struc-
ture. The green star in the STEREO-A/SECCHI/EUV 195 Å image represents the position of the
origin of the structure with Carrington coordinates of ϕ = 349◦ and θ = −7◦.
The morphological properties of a CME can be summarized by three parameters: Tilt angle, the
half angle, and the aspect ratio. The parameters used for the best fit of the model for this event we-
re: a tilt angle of −43◦, a half angle of 12◦ and an aspect ratio approximately 0.72. The modeled
structure has a large angle of inclination with respect of the ecliptic plane, an angular width of
∼ 24◦ and a torus spacial extension of ∼ 72% of the distance from the origin to torus edge.
The leading edge speed of the CMEwas calculated using the time-height plots (HT plots or jmaps)
constructed from running-difference images of SOHO/LASCO/C2-C3 and STEREO-A/SECCHI/COR2
(Figure 3-6). The HT plots are made for different elongation angles in the field of view to eva-
luate the behavior of the CME leading edge in different propagation directions. For each HT plot
created for a particular elongation angle (EA), the points over the CME leading edge were selec-
ted by hand. For the different instruments and field of views the following propagation speed
was estimated:
1. SOHO/LASCO/C2 : 766± 123 km/s
2. SOHO/LASCO/C3 : 847± 164 km/s
3. STEREO-A/SECCHI/COR2 : 556± 116 km/s
These results indicate that there is an initial acceleration of the CME front at first stages of pro-
pagation and then a deceleration after 15 R⊙. STEREO-A/SECCHI HT plot provides information
about CME expansion speed which is lower than the front speed (Figure 3-6). The estimates
average values agree with those reported in CME databases. Also, using the transit time of the
ejecta from its release in the solar corona until it reached 1 AU, we estimate a CME average
speed of propagation in the interplanetary medium. The transit time was ∼ 58.5 hours, which
³http://www.affects-fp7.eu/cme-database/index.php
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corresponds to a CME average speed of ∼ 700 km/s.
We identified two observational signatures that are linked with the formation of CME-driven
shock in the corona:
1. In the running-differences images, it is possible to notice a faint spheroidal edge ahead of
the main CME structure, mainly in the southwest region. We suggest that this corresponds
to the CME-driven shock (Figure 3-11).
2. In the SOHO/LASCO field of view can be observed signatures of a slow CME propagating
towards the north-east direction hours before. In the images, there is an apparent interac-
tion between these two CMEs, since the CME analyzed here goes through the slow CME
in the SOHO/LASCO field of views (Figures 3-10, 3-11).
According to this scenario, we suggest that the complete shock structure corresponds to a
double-front CME-driven shock (Liu et al., 2017), where the upper part of the CME structure
interacts with a pre-existing heliospheric plasma sheet formed by the pre-existing slow CME.
This hypothesis could explain the higher speed of the CME in the southwest direction. Obser-
vations indicate that both CMEs do not propagate in the same direction, thus we do not ensure
a direct cannibalism scenario for this case. For reference to CME-CME cannibalism refer to (Go-
palswamy et al., 2001b; Martínez Oliveros et al., 2012).
3.3.2. Heliospheric electron density
As mentioned in previous chapters, the observational methods to model the number electron
density profile from the low corona to 1 AU are quite diverse. Those can be direct or indirect
methods, but both have large time and spatial uncertainties. Leblanc et al. (1998) indirectly deri-
ved an expression for the heliospheric electron density in the ecliptic plane using Wind/WAVES
radio observations. They studied mainly type III radio burst connected magnetically to Wind.
Base on the plasma emission process (See 2.4) and the equation (Equation2-15), Leblanc et al.
(1998) deduced the following expression for electronic density (LDB model):
ne = 3.3× 105r−2 + 4.1× 106r−4 + 8.0× 107r−6 cm−3 (3-1)
where r is the heliospheric height in solar radiiR⊙. This expression is normalized by the average
density at 1 AU during solar minimum: ne(215R⊙) = 7.2 cm−3. For other densities measured at
1 AU, the expression coefficients have to be calibrated, using the expression: ne(1AU)/7.2. For
more details about the model refer to Leblanc et al. (1998) and citations within.
Other models were constructed using coronal white-light observations. These models provide
density information from 2R⊙ to several solar radii depending on the telescope used. Saito et al.
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(1977) using the Skylab coronagraph (MacQueen, 1974) from 2.5R⊙ to 5.5R⊙ derived a electron
density distribution having the following form (SPM model):
ne = 1.36× 106r−2.14 + 1.68× 108r−6.13 cm−3 (3-2)
where r is the heliospheric height in solar radiiR⊙. This type of models allows inferring densities
profiles at very low heights, where the density gradients are very steep and where the radio
emission cannot be resolve precisely (Leblanc et al., 1998). For more details about the model
refer to Saito et al. (1977).
3.3.3. Type III and Type II associated radio emission
As was mentioned, the 18 August 2010 CME and its corresponding flare were associated with a
strong Type III and a complex Type II radio bursts at high (12 − 0.7 MHz) and low frequencies
(40− 25 kHz) with an intermittent behavior. Figure 3-7 displays the dynamic spectrum from the
three spacecraft from August 18, 2010, at 05:35 UT to August 20, 2010, at 18:00 UT.
Figure 3-7.: Dynamic radio spectrum from STEREO-A (STA), STEREO-B (STB) and Wind in the
time range of the event.The three spacecraft observed the Type III radio burst, but
just STA and Wind observed the complex type II radio burst. The Type II radio
emission is centered in two frequency bands: high-frequencies (12 − 0.7 MHz) at
initial stages and low frequencies (40 − 25 kHz) observed ∼ 48 hours later. Color
bands correspond to radio emission bands expected by LDB and SPM density model.
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The starting time of the CME-driver shockwhich produce the radio emissionwas estimated using
LDB and SPMdensitymodels. Using the average velocity of the CME leading edge as 700 km/s and
a local plasma density at 1 AU of ne(1AU) = 7.2±1.2cm−3, we found that the CME has launched
on 18 August 2010 at 05:42 UT, time close at flare initial detection. For the calculation, we assume
that the shock front has a constant velocity. Figure 3-7 shows color bands corresponding to Type
II have to be produced for the fundamental and harmonic emission pair based on the LBD and
SPM models, from the initial stage of CME propagation until reaching 1 AU. For all cases, the
bandwidth was calculated using a range of 3σ of the corresponding mean local density at 1 AU.
Type III radio burst
The type III radio emission of this event shows a high-frequency drift consistent with electron
beams in the interplanetary space. The left panel of Figure 3-8 shows the Type III emission up
to the time of Langmuir wave activity detection (electrostatic activity) by the radio instruments
in all three spacecraft.
Figure 3-8.: Left: Dynamic radio spectrum from STEREO-A (STA), STEREO-B (STB) andWind sho-
wing Type III radio burst. Color-bands correspond to the radio emission expected
by 3 electron beams with energies of 2 keV released at different times using LDB
density model. Right: STEREO-A/SEPT electron spectral distribution in-situ showing
the increase of relativistic electron population (∼ 0.5c).
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The radio emission at high frequencies lasted a comparable amount of time to the flare HXR
emission of the flare, suggesting a constant injection of electron beams during the impulsive
phase of the flare. We compare the radio emission expected by 3 electron beams with energies
of 2keV (∼ 0.09c) at different release times based on the LDB model and using a mean electron
density of ne(1AU) ≈ 15cm−3. The color bands in the left panel of Figure 3-8 shows the expec-
ted radio emission based on the LDB model for the different beams.
Figure 3-9.: Dynamic radio spectra from STEREO-A (STA), STEREO-B (STB) and Wind showing
Type II radio burst at high-frequencies. The color boxes in the upper panel indicate
the four Type II radio burst patches observed by STEREO-A. Color-bands correspond
to the radio emission expected of a CME-driven shock front that propagates with a
speed of 700km/s using the LBD and SPM density models.
Langmuir wave activity detection at 1 AU in STEREO-A suggests that electron beams interact
in-situ with the STEREO-A radio antenna which can be understood as magnetic connectivity
between the flaring region and STEREO-A. The right panel of figure 3-8 shows the in-situ electron
spectral distribution in the sunward and antisunward directions, measured by the Solar Electron
and Proton Telescope - SEPT onboard to STEREO-A (Müller-Mellin et al., 2008). The spectra show
an intensity increase 14 minutes after the flare released detecting electron beams with energies
between 10 keV to 0.2 MeV (∼ 0.55c), leading to the conclusion that the trajectories of the
electron beams distributions of this energy intersect STEREO-A comes from the studied flaring
region.
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High-frequency Type II radio burst
This event not only drove a type III radio burst, but an intermittent and complex Type II radio
burst. Unlike the type III, the type II signatures were only observed by STEREO-A/WAVES and
Wind/WAVES (See Figure 3-9). STEREO-B/WAVES did not register the type II emission, sugges-
ting that the radiation propagating towards STEREO-B was absorbed and/or refracted in the path.
As was mentioned before, type II radio burst had a intermintent behavior with several patches
of radio emission (see color boxes in left panel of figure 3-9), which observational properties can
be summarized as follows:
1. The first patch was observed from 06:02UT to 06:12UT between 13200 kHz and 3360 kHz
(Figure 3-9, magenta box).
2. The second patch was observed between 06:44UT and 06:53UT from 7900 kHz to 4800
kHz (Figure 3-9, cyan box)
3. The third patch was observed from 07:08UT to 07:18UT between 1850 kHz and 1020 kHz
(Figure 3-9, orange box).
4. The fourth patch was observed between 07:28UT and 07:33UT from 850 kHz to 730 kHz
(Figure 3-9, green box)
Figure 3-9 shows the comparison between the radio dynamic spectra for all spacecraft in the
first stages of the CME propagation with the radio emission bands derived by the LBD and SPM
model for a CME launched at 05:42 UT with an average velocity of 700 km/s and a local plasma
density at 1 AU of 7.2cm−3. The fundamental and harmonic emission bands of the LBD model
adjust very well with three of the observed patches, indicating that those are signatures of the
same interplanetary structure.
The first patch shows signatures of both the fundamental and harmonic emissions (F-H pair
bands), the third and fourth radio emission signatures appeared to be at the harmonic and fun-
damental respectively. However, the second patch did not fit with the radio emission estimated
by the models. This can be related to a slow drift shock component propagating in a high-density
medium, suggesting that the radio emission would be formed in the interaction region between
both CMEs.
We also compare the heliospheric height estimated by the LBDmodel for the fundamental emis-
sion with the coronagraph available images for that times. Figures 3-10 and 3-11 show a sequen-
ce SOHO/LASCO/C2 and C3 images of the slow pre-existing CME and the initial stages of studied
CME. Colored rings in the different images corresponding to the calculated heliospheric height
range where the radio emission could be generated. For the SOHO/LASCO/C2 sequence (Figure
3-10), two images were taken at the time of the first patch detection. The calculated maximum
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Figure 3-10.: SOHO/LASCO/C2 sequence showing the early CME evolution. In the first three
images (upper right), it is clearly seen the slow pre-existing CME moving towards
the northwest. Minutes later, the CME studied appears in coronagraph field of view
and reaches the slow CME. Magenta color ring corresponds to the heliospheric
height region in the coronograph field of view of the possible radio emission source
region for the first patch.
height was less than the height reached by the front of the CME, but it was similar to the pro-
jected height of the CME flanks. The SOHO/LASCO/C3 sequence (Figure 3-11) had four images
taken during the third and fourth patch detection and again the maximum height calculated
fitted better on the CME flanks.
Low-frequency Type II radio burst
The CME continued to propagate without any radio signal until approximately 48 hours af-
ter the CME launch. STEREO-A/WAVES registered a slow-drifting radio signature beginning at
04:50UT August 20 that ended with the detection of an in-situ of the interplanetary shock. This
radio emission was also intermittent, showing three principal patches: 1. between 05:07UT and
05:37UT from 47 kHz to 43 kHz, 2. between 10:56UT and 13:27UT from 30 kHz to 28 kHz and
3. between 15:06UT and 16:13UT from 27 kHz to 25 kHz (Figure 3-12 right panel).
We compared the detected slow-drifting radio emission with the resulting frequency calculated
with the LBD electron density model, suggesting that the fundamental plasma emission obser-
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Figure 3-11.: SOHO/LASCO/C3 sequence showing the later CME evolution. The sequence of ima-
ges shows the possible interaction between the two CMEs in the field of view and
the existence of the faint CME-driven shock signature in the southwest region.
Orange and green color rings correspond to the heliospheric height region in the
coronograph field of view of the possible radio emission source region for the third
and fourth patches respectively.
ved was generated a CME-driven shock. This shock was also the driver of the high-frequency
radio emission discussed above (Figure 3-12 left panel).
We used two separate methods to estimate the heliospheric height of the slow-drifting radio
signature source region. For both, we assume that the CME-driven shock has a spherical front
which propagates with a constant velocity. A first method is based on the LBD density model,
finding a heliospheric height of ∼ 0.6 AU for the first, ∼ 0.97 AU for the second and ∼ 0.99
AU for the third patches. The second method involves the used of the kinematic equation for
a spherical front CME-driven shock assuming a constant speed of 700 km/s and the radio emis-
sion detection times. It was also assumed that the CME was launched from the inner corona
(initial position) at the flare starting time (initial time). The right panel of the figure 3-12 shows
a sketch with the kinematic calculation results. The calculated distances using this method are
0.801 − 0.809 AU for the first, 0.885 − 0.941 AU for the second and 0.969 − 0.988 AU for the
third patches.
The Langmuir wave activity analysis 3.2 for the interplanetary shock of August 20, 2010 indicates






Figure 3-12.: Right: Dynamic radio spectra from STEREO-A (STA), STEREO-B (STB) and Wind
showing Type II radio burst at low-frequencies. Color bands correspond to the
frequency bands in which the radio emission is expected to be observed for a
CME-driven shock with a propagating rate of 700 km/s using the LBD model. Left:
Heliospheric distances of the CME-driven shock front at the type II detection ti-
mes calculated from a kinematic analysis. In this, it specifies the radio emission
temporary ranges and the average frequencies.
that there are not Langmuir waves records upstream of the shock (see figure 3-3), concluding
that STEREO-A is not detecting evidence of the source region of the Type II radio burst. We
already concluded that the slow-drifting type II radio burst is generated by CME-driven shock
studied, whereby the detected radio emission must occur in another component of the shock
that is not detected in-situ by STEREO-A. In fact, the plasma frequency calculation from the in-
situ measurements of proton density made by STEREO-A (Section 3.2) indicates that the in-situ
measured density is lower than the density calculated using the frequency of the type II radio
emission. We suggest that the type II radio burst that is observed could be created in a compo-
nent of the shock that propagates in a nearby higher-density region.
Using the ENLIL heliospheric model, we studied the CME propagation in the interplanetary me-
dium. The model assumed that the CME had a cone structure and considered that the ejecta was
an almost isolated event, suggesting a possible scenario for the low-frequency radio emission.
Figure 3-13 shows a snapshot of the simulation run hours before the interplanetary shock de-
tection in-situ. We propose that the slow-drifting Type II radio burst could be generated by the
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Figure 3-13.: CCMC Heliospheric ENLIL simulation run: CME 20100818 https://ccmc.gsfc.
nasa.gov/database_SH/Cori_Quirk_111611_SH_1.php. The plots display the
normalized density distribution in the ecliptic plane and Sun-Earth plane. The ob-
served perturbation corresponds to CME studied modeled as a cone structure.
Black box highlights the suggested formation region of Type II radio burst at low
frequencies.
interaction Corotating Interaction Region (CIR) - CME. We suggest that the shock flank is pro-
pagating through a density gradient formed by the CIR. In this high-density region, the Alfvén
and sound speed have lower values than the surroundings, making the magnetosonic fast shock
formation more likely.
3.3.4. IP shock and ICME detection
In the section 3.2, we refer to two aspects of the interplanetary shock macroscopic and mi-
croscopic structure: the macroscopic interplanetary shock parameters and the Langmuir wave
activity. To complement the microscopic analysis, we conducted an inspection of the behavior
of the suprathermal electron fluxes during the shock4. Figure 3-14 shows the parallel, antipa-
rallel and perpendicular electron flux profiles for energies between 93 eV to 1716 eV detect by
STEREO-A/IMPACT/SWEA module. In all components the shock is observed, however, there is
not upstream electron flux enhancement in the parallel or antiparallel component, thus there is
4It is considered that electrons with energies above ∼ 70 eV are classified as suprathermal electrons (Kajdič
et al., 2014)
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no evidence of the foreshock region.
We also performed an inspection of high-resolution electron distributions (burst modes). The
left panel of figure 3-14 displays a zoom around the shock discontinuity. There is no direct
observation of the foreshock region but we observed a 90◦ pitch angle (PA) enhancements of su-
prathermal electrons in the upstream region. This is considered another classification of suprat-
hermal electron pitch angle distributions (PADs) mostly associated with interplanetary shocks.
These type of distributions were already studied in detail by Kajdič et al. (2014).
Figure 3-14.: Right: STEREO-A/IMPACT/SWEA suprathermal electron fluxes distribution in the
parallel, antiparallel and perpendicular component of the magnetic field and dy-
namic radio spectra in the shock vicinity. Left: STEREO-A/IMPACT/SWEA suprat-
hermal electron fluxes normal distribution for differents pitch-angles and STEREO-
A/IMPACT/MFI magnetic field in burst-mode (high resolution). This interplanetary
shock shows a 90◦ pitch angle (PA) enhancements of suprathermal electrons (Kajdič
et al., 2014).
Figure 3-15 shows the plasma parameters profiles measured in-situ by STEREO-A: Magnetic field
strength and its RTN components B, Magnetic field rotation angles θ and ϕ, β parameter, flow
proton speed Vp, proton density Np and proton temperature Tp, total pressure PTotal and PAD
electron flux (246 eV). Color bands indicated the interplanetary shock detection, the compres-
sion region immediately after the shock or “sheat” region and the CMEmagnetic cloud. The sheat
region last for about∼ 7 hours and had an extension of∼ 0.11 AU assuming the CME maintains
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its speed. The sheat region properties include high and variable magnetic field strength and pro-
ton speed, a high variability in the overall pressure profile and an increase in 180◦ PAD electronic
flux. At 22:00UT the ICME magnetic cloud is detected for ∼ 15 hours. The ICME is characteri-
zed by an initial maximum of magnetic field strength, a gradual decay of the speed profile, the
total pressure profile, and a bidirectional electron flux (Figure 3-15). These properties indicate
that the ICME observed to the external region of a flux rope structure. Based on the inferred
geometrical configuration, we are probably observing an outer edge of the flux rope.
Figure 3-15.: STEREO-A/PLASTIC/IMPACT plasma parameters profiles in-situ: Magnetic field
strength and RTN components B, Magnetic field rotation angles θ and ϕ, β pa-
rameter, flow proton speed Vp, proton densityNp and proton temperaure Tp, total
pressure PTotal and PAD electron flux (246 eV). Color bands indicated the IP shock
detection, the sheat or compression region and ICME.
We evaluated if this interplanetary CME can be classified as a magnetic cloud using the criteria
presented by Jian et al. (2006). Only the β-parameter and the magnetic field vector rotation do
not meet the established conditions by (Jian et al., 2006). There is not clear smooth rotation in
the magnetic field vector and the β parameter has a high-fluctuating behavior. In order to study
in detail the magnetic field vector rotation, Figure 3-16 shows the magnetic field vector rota-
tion in the different coordinate planes. It is possible to infer a rough sense of rotation from the
YZ plane. Based on the magnetic cloud structures classification made by Bothmer and Schwenn
(1998), the magnetic cloud sense of rotation corresponds to North-West-South (NSW) type with
left-handed rotation sense or negative helicity. This is congruent with the helicity rule found by
Rust and Kumar (1994) if the coronal loop which originated the CME flux rope was localized in
the northern solar hemisphere. This analysis suggests that we are actually observing the charac-
teristics of a magnetic cloud.
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Figure 3-16.: Magnetic field vector rotation observed in YZ, XZ, YX planes (RTN coordinate sys-
tem) mesured by STEREO-A/IMPACT/MFI. The start of the rotation is indicated by
the red circle and the end point by the green point.
From the characterization of 20 August 2010 event, we conclude that the CME drives a fast
magnetosonic shock and thus type II radio emission. We found that the CME probably was
launch at close to 05:42 UT based on the results of the LBD model. We suggest that the CME-
driven shock had a morphology of double-front at the initial propagation with an average speed
of 700 km/s. We suggest that the radio emission detected is related to the interaction of the CME
with other transients events: CME-CME for the high-frequency emission and CME-CIR for the
low-frequency emission. We conclude that the electronic density model of LDB describes the
interplanetary environment appropriately to model the type II radio emission for this particular
event. We also concluded that this event had no evidence of Type II radio burst in-situ even
when the CME-driven shock detected in-situ was classified as fast forward quasi-perpendicular
shock.
4. Discussion and research perspective
As a summary, we built a CME-driven shock database of observations made by multiple space-
craft (STEREO-A, STEREO-B, SOHO and Wind) between 2007 to 2011. This database includes
the main properties of the CME, the Type II radio burst associated and the interplanetary shock
in-situ. The presented database was constructed as a complement of currently existing databa-
ses of CME-driven shock observed by multiple spacecraft. Our sample contains 27 CME-driven
shocks, of which 4 have evidence of increased radio intensity in the region near the interpla-
netary shock e.i. Type II radio burst in-situ. From the proposed methodology (Section 3.2), we
study the electrostatic activity of four interplanetary shocks events associated with Type II radio
emission in-situ. We found that in all events there are signatures of ion-acoustic modes, but that
only two events have Langmuir wave records. However, for just one case (CME 20 August 2011)
we ensure the possible observation of the type II radio burst source region.
We selected the 18 August, 2010 CME-driven shock for an in-depth multi-spacecraft characte-
rization, finding spatial and temporal correlations of the different manifestations of the CME-
driven shock in the interplanetary space. The result of the characterization indicates that the
CME was released on 18 August, 2010 at 05:42 UT and likely formed a double-front CME-driven
shock. We concluded that CME-CME and CME-CIR interaction could be produced the Type II
radio emission. Based on the radio emission analysis (Section 3.3.3), we suggest that the CME-
driven shock propagates most of the time with an average speed of 700 km/s and with a spherical
macroscopic structure. The intermittency and complexity of Type II radio burst at low and high
frequencies can be understated by the different interaction between transients. The type II ra-
dio burst observed at high-frequencies probably was generated by a CME-CME interaction. The
type II radio burst observed at low-frequencies was likely generated by the propagation of the
CME-driven shock towards a Corotating Interaction Region of high density. This reaffirms the
hypothesis of transients interactions as a generator of fast magnetosonic shock waves in inter-
planetary space. The kinematic properties of the CME indicated that it is not classified as fast
CME, although it presented strong type II radio emission. We believe that the stable conditions
of solar wind and the heliospheric magnetic field - HMF could enable fast magnetosonic shock
generation and its corresponding radio signature. The CME-driven shock detected in-situ by
STEREO-A does not present evidence of the source of radio emission crossing because there are
no signatures of Langmuir wave activity.
The events electrostatic wave activity analysis, apart from giving certainty to the source region
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observation, also allowed to determine the existence of a diversity of electrostatic modes, in
particular, Langmuir wave packets at the downstream region. Theory suggests that upstream
Langmuir waves cannot pass across the shock density ramp and that only downstream observed
packets should be generated at the top of the density overshoot region (Treumann and Jaros-
chek, 2008c,b). The analysis presented in this thesis demonstrated that the wave packets were
detected simultaneously with a magnetic field overshoot peak.
This thesis provides a new scenario of CME propagation, interaction, and connectivity from the
low corona towards the interplanetary environment for the 20 August 2010 CME event. Using
the methodologies, technical procedures and data reduction techniques developed in this work,
it is possible to expand the theoretical background about physical processes of the formation
of CME-driven shock in collisionless plasmas. Also, the proposed methodology, developments
and results of this research can contribute and be an important input in future research of space
weather and studies of non-collisional shock formation at interstellar and galactic levels. Inves-
tigations based on multi-spacecraft observation have been very popular in solar physics since
the space age and they will be increasingly important in the future. We seek that the metho-
dologies, technical procedures and data reduction techniques developed in this work can be
applied to the analysis of data of new coming missions as Solar Parker probe and Solar Orbiter
in order to contribute to the development of new observational techniques and then increase
our understanding of our solar system.
A. Plasma parameter in the solar
atmosphere
In order to clarify the different plasma regimes in the solar atmosphere, we include the typical
values of several fundamental plasma parameters for the different regions of the solar atmosp-
here. Those values were summarized by Imada et al. (2011); Kivelson and Russell (1995).
Table A-1.: The plasma parameter in the solar atmosphere
Photosphere Chromosphere Corona Outer Corona
Solar wind
at 1 AU
A) h (km) 0 ∼ 2× 103 ∼ 104 ∼ 106 ∼ 108
B) ρe (/cc) ∼ 1014 ∼ 1010 ∼ 109 ∼ 107 ∼ 101
C) Te (K) ∼ 6× 103 ∼ 7× 103 ∼ 106 ∼ 106 ∼ 105
D) B (G) ∼ 103 ∼ 102 ∼ 101 ∼ 10−1 ∼ 10−5
E) Vs (km/s) ∼ 9× 100 ∼ 1× 101 ∼ 1× 102 ∼ 1× 102 ∼ 6× 101
F) VA (km/s) ∼ 7× 100 ∼ 2× 102 ∼ 7× 102 ∼ 7× 101 ∼ 4× 101
G) ωcp (Hz) ∼ 2× 106 ∼ 2× 105 ∼ 2× 104 ∼ 2× 102 ∼ 1× 10−1
H) ωce (Hz) ∼ 3× 109 ∼ 3× 108 ∼ 3× 107 ∼ 6× 105 ∼ 1× 102
I) λmfp (km) ∼ 6× 10−8 ∼ 6× 10−4 ∼ 6× 101 ∼ 5× 103 ∼ 1× 107







G) Proton cyclotron frequency
H) Electron cyclotron frequency
I) Electron mean free path
B. Type II radio burst - CME-driven shock
database
Below we present the constructed database. We also include some particularities of the events
included.
Table B-1.: Type II radio burst database including the time range of the events and basic features
of the CME and flare associated
No.














CPA (◦)¹ Width (◦)²
1 2006/12/13 2:40 2006/12/14 13:51 X3.4 10930 SOHO/LASCO ∼ 1700 Halo 360
2 2007/01/25 7:12 2007/01/25 20:30 C6.3 10940 SOHO/LASCO - STB ∼ 1300 ∼ 90 ∼ 160
3 2007/05/19 12:57 2007/05/22 1:59 B9.5 10956 SOHO/LASCO - STB - STA ∼ 900 Halo 360
4 2007/12/31 1:05 - C8.3 10980 SOHO/LASCO - STB - STA ∼ 1000 ∼ 100 ∼ 160
5 2008/03/25 18:56 - M1.7 10989 SOHO/LASCO - STB ∼ 1100 ∼ 95 ∼ 112
6 2008/04/26 13:54 2008/04/29 14:10 B3.8 - SOHO/LASCO - STB - STA ∼ 650 Halo 360
7 2008/05/17 10:16 2008/05/19 16:39 B1.7 - SOHO/LASCO - STB ∼ 600 ∼ 90 ∼ 200
8 2009/05/05 7:55 2009/05/05 8:20 A3.9 - STB ∼ 600 ∼ 50 ∼ 30
9 2010/03/01 22:58 2010/03/04 3:51 B6.5 - SOHO/LASCO - STB ∼ 1200 Halo - STB 360
10 2010/08/01 9:10 2010/08/03 17:05 - - STB - STA ∼ 1100 130 - STB ∼ 180
11 2010/08/07 18:24 2010/08/11 9:31 M1.0 11093 STB - STA ∼ 900 Halo - STB 360
12 2010/08/14 10:05 2010/08/14 10:40 C4.4 11099 SOHO/LASCO - STB - STA ∼ 900 Halo - STA 360
13 2010/08/18 5:48 2010/08/20 16:13 C4.5 11099 SOHO/LASCO - STA ∼ 700 Halo - STA 360
14 2011/02/15 2:10 2011/02/18 0:49 X2.2 11158 SOHO/LASCO - STB - STA ∼ 750 Halo - SOHO 360
15 2011/03/29 20:24 2011/03/30 21:00 - - STB ∼ 800 Halo STB ∼ 10
16 2011/05/09 20:51 2011/05/12 4:45 C5.4 - SOHO/LASCO - STB ∼ 1200 Halo - STB 360
17 2011/06/04 21:45 2011/06/05 18:59 X 11122 SOHO/LASCO - STA ∼ 2000 Halo - STA 360
18 2011/06/07 6:16 2011/06/10 7:57 M2.5 11226 SOHO/LASCO - STA ∼ 1200 Halo - STA 360
19 2011/08/04 4:00 2011/08/05 17:32 M9.3 11261 SOHO/LASCO - STA ∼ 1300 Halo - SOHO 360
20 2011/08/09 8:00 2011/08/11 5:38 X6.9 11263 SOHO/LASCO - STA ∼ 1600 Halo - STA 360
21 2011/09/22 10:40 2011/09/24 9:06 X1.4 11302 SOHO/LASCO - STB ∼ 1900 Halo - STB 360
22 2011/09/24 12:40 2011/09/26 11:44 M7.1 11302 SOHO/LASCO - STB ∼ 1900 Halo - SOHO 360
23 2011/11/03 22:20 2011/11/06 5:10 - - STB - STA ∼ 650 250 - STB ∼ 90
24 2011/11/09 13:30 2011/11/12 5:11 M1.1 11343 Wind - STB ∼ 900 Halo - SOHO 360
25 2011/11/20 4:40 2011/11/20 13:38 - - - - - -
26 2011/11/26 7:00 2011/11/28 14:51 C1.2 11353 Wind - STA ∼ 900 - ∼ 100
27 2011/12/21 2:50 2011/12/21 10:50 - - STB - STA ∼ 1000 200 - STB ∼ 80
¹ Central position angle (CPA, degrees) for non-halo CMEs
² CME width in the sky plane (degrees)
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Table B-2.: Type II radio burst database including the frequency emission range, the basic fea-
tures of the IP shock associated and the existence of the type II radio burst in-situ
No.


















1 12000 50 Wind FF 3.49± 0.92 304± 64 3.61± 1.73 33± 63 919± 465 6.8± 2.6 -
2 14000 90 - - - - - - - - -
3 15000 13000 STA FF 1.31± 0.03 25± 3 1.46± 0.13 41± 7 520± 29 1.1± 0.3 -
4 16000 - - - - - - - - - -
5 12000 - - - - - - - - - -
6 16000 - STB FF 2.08± 0.07 71± 3 2.86± 0.22 69± 9 432± 12 1.9± 0.1 -
7 10000 1200 STB FF 1.36± 0.06 76± 9 1.95± 0.37 29± 11 640± 49 2.3± 0.6 -
8 11000 - - - - - - - - - -
9 3000 300 STB FF 1.50± 0.06 38± 21 2.03± 0.56 34± 34 415± 392 0.3± 0.3 -
10 2000 700 Wind FF 2.81± 0.41 87± 8 2.41± 0.37 70± 12 531± 34 3.2± 0.5 2010/08/03 17:05
11 13000 700 STB FF 2.71± 0.96 29± 6 3.42± 1.00 76± 52 297± 41 2.0± 1.0 -
12 10000 1000 - - - - - - - - -
13 10000 20 STA FF 2.79± 0.06 176± 6 5.72± 0.98 65± 3 553± 11 2.5± 0.1 2010/08/20 16:13
14 16000 400 Wind FF 3.28± 0.46 87± 7 3.11± 0.54 80± 13 424± 40 5.5± 0.7 -
15 10000 - - - - - - - - - -
16 16000 900 STB FF 2.09± 0.55 74± 22 1.49± 0.36 5± 17 544± 176 4.7± 3.0 -
17 16000 600 STA FF 2.44± 0.33 71± 43 3.16± 1.02 45± 44 636± 163 2.5± 1.1 -
18 16000 250 Wind FF 1.49± 0.07 58± 17 1.25± 0.13 73± 74 603± 217 2.5± 2.1 -
19 13000 200 Wind FF 2.78± 0.30 58± 13 2.31± 0.40 84± 12 388± 59 3.1± 0.6 2011/08/05 17:32
20 16000 600 STA FF 2.43± 0.18 117± 7 7.28± 2.51 61± 20 488± 21 1.6± 0.3 -
21 14000 600 STB FF 1.74± 0.10 61± 11 2.31± 0.32 59± 15 611± 57 1.9± 0.4 -
22 16000 300 Wind FF 2.35± 0.14 115± 10 2.56± 0.44 47± 25 544± 43 3.5± 0.8 -
23 12000 300 STB FF 1.52± 0.14 75± 12 4.56± 1.31 69± 31 76± 287 0.1± 0.2 -
24 16000 200 Wind FF 1.84± 0.08 86± 10 1.63± 0.16 37± 16 578± 50 3.1± 0.7 -
25 40 25 STB FF 2.18± 0.05 60± 5 3.07± 0.33 70± 38 221± 165 0.9± 0.5 2011/11/20 13:35
26 10000 500 STA FF 2.48± 0.17 96± 10 4.18± 1.02 62± 15 483± 48 1.9± 0.3
27 16000 300 - - - - - - - - -
The events 1, 4 and 10 were already analysed in previous studies (Liu et al., 2008, 2009;
Martínez Oliveros et al., 2012)
Some of the events associatedwith the years 2006, 2007, 2008 and 2009 have observations
of IP shock inmultiple spacecarfts. For this summary is only included themost intense one.
We suggest that the events 6 and 7 can be associated with CIR-CME interaction and the
events 14 and 17 can be associated with CME-CME interaction.
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